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I/ 
ABSTRACT 
Semi-empirical calculations of Nuclear Magnetic Resonance shielding 
have been performed. Pople's theory was employed using molecular eigen- 
functions and values from various Neglect of Differennial Overlap methods. 
Extensions were made to previous work performed in this laborator: 
Two-centre integrals were included in calculations for first-row nuclei. 
CNDO/S and CNDO/2 calculations were performed for 31P and 29Si nuclei. 
An investigation was made into the hypothesis that 6 5N may be used 
as an indication of the, lone pair electron density in certain, N-X bonds. 
The effect of geometry variation on calculated shielding values was 
studied. Comparisons were made between calculations of 15N shielding 
obtained by various methods, in an attempt to improve upon the correlation 
with experimental values obained in a previous study. 
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DEDICATED TO MY PARENTS 
INTRODUCTION 
Nuclear Magnetic Resonance spectroscopy (NMR) is a powerful tool_in 
the investigation of the electronic structure of molecules. Models which 
can accurately reproduce the parameters measured by this form of 
spectroscopy are potentially very useful in the interpretation of NMR 
spectra, and also for predictive purposes. Ab-initio quantum mechanical 
models have been produced, but other than for very small molecules, these 
prove to be very expensive in computer time. Thus, great interest has 
been generated in the use of less rigorous models. 
Earlier work in this laboratory has been successful in reproducing 
the chemical shifts of various first row nuclei, over a large range of 
molecular environments. For the calculations each molecule was generally 
taken to be isolated and of a standardized geometry. The model used to 
describe the shielding was an independent electron one, in its sum-over- 
states form. The promising methods of producing the molecular eigenvectors 
and eigenvalues required by this model were found to be semi-empirical 
molecular orbital methods designed to reproduce electronic spectral data. 
In this present work, the isolated molecule approach is retained. 
Throughout, there are indications which suggest that intermolecular 
phenomena can be important contributary factors to the chemical shift. 
Work is currently being performed in this laboratory to simulate these 
phenomena. 
Earlier work had suggested that the use of standardized geometries 
for molecules could result in unsatisfactory correlations between 
experimental and calculated values of the chemical shift. In Chapter 5, 
the possible relation between molecular geometry and magnetic shielding is 
investigated. Here the calculated results are compared with the available 
2 
experimental results. In Chapter 6, molecular geometries are optimized 
to a minimum energy conformation to investigate geometry effects upon 
calculated chemical shift values. Also, the results from the use of two 
different molecular orbital methods are contrasted for the 13C and 14N 
nuclei for various series of heterocyclic molecules. 
In Chapter 1, a discussion on nuclear shielding and semi-empirical 
molecular orbital methods is given. The model previously used to calculate 
nuclear shielding is extended to incorporate second-row nuclei in Chapter 
3, and to include some previously omitted two-centre integrals in Chapter 
4. In Chapter 2, calculations are performed to investigate the claim that 
the nitrogen' chemical shift, -, in certain series of molecules, is related 
to the extent of delocalization of the nitrogen lone pair. 
CHAPTER 1 
INTRODUCTION TO COMICAL SHIFT CALCULATIONS 
3 
1.1 THE C HM CAL SHIFT 
In Nuclear Magnetic Resonance spectroscopy (NMR) the shielding a of 
a nucleus relates the magnetic field (B) experienced by that nucleus to 
the magnetic field (Bo) applied to the sample. The relationship may be 
expressed as - 
B= Do(! - Q) (1.1) 
where I is the unit dyadic. As can, be - seen, -a is a dimensionless; second 
rank tensor, conventionally taken in three-dimensional cartesian space.., 
It is possible to measure the individual components, ofýthis tensor in 
orientated molecules, e. g. as in liquid crystalsl. ýjbst NMR measurements 
are, however, performed on liquid samples. The-random molecular motions 
in such samples are usually so rapid, with respect to the L, nor frequency 
of the nucleus, as to allow only an average value (aav) to be measured. 
aav - (aza + Qyy + azz)/3 (1.2) 
This is the total shielding of the nucleus which may be obtained from 
the sun of the experimental paramagnetic (from spin rotation constants) 
and calculated diamagnetic contributions2. The terms 'paramagnetic' and 
'diamagnetic' are explained below. A more readily accessible measurement 
is the difference between the screening of two nuclei of the same atomic 
number but in different chemical environments. This is known as the 
chemical shift (SA) and is defined as 
SA -aR - ': T A (1.3) 
aR being the absolute shielding of the-nucleus in a reference environment, 
aA being that of the nucleus in the environment (A) of interest. 6 defined 
in this way decreases with increasing shielding of A, but increases 
4 
at 0. COnSvan$ aWýea r^a' J 
t, C 
positively with increasing nuclear resonance frequency,. This choice of a 
frequency scale is in line with the use of modem frequency swept 
spectrometers. 6 is quoted in parts per million (ppm) of aR... 
Soon after the discovery of the chemical shift, interest was shown 
in creating a theoretical model for calculating it. This was first done 
by Ramsey4, based on calculations by Van Vleck5 of molecular diamagnetic 
susceptibility. Ramsey considered that the transformation of the momentum 
6 
operator p into Tr (= p +eA) on the application of a magnetic field with 
ý 
vector potential A, constituted. only- a small perturbation to the eigen- 
values of the molecular system (e being the charge on, the electron). 
Thus, using Rayleigh's perturbation theory , he obtained an expression 
for the individual components of the shielding tensor, 
aaß = ad (1) + aaß (2) + aäß (1) + Qäß (2) - 
2 
6aß1) = t0 47r 2m. <o 
1k rk3 (rk2 aaß - rk"ß) 1 o> 
(1.4a) 
(1.4b) 
2 
Qd (2) = 
uO ei<o r- 3 (rorkß -rr aß 47r 2m kk ay kyöaß) 
lo: " (1.4c) 
2 ý. 
oa6 Cl) = 
4o 
2meý <o 
Iýrk3I'ka I n><nl ILkß I o> " 
ý` ný0 k 
A 
+ <ojkLýjn><njkrk3Lýjo> (En-Eo)-1 (1.4d) 
! LO e2 Qäß(2) -u 2ýßYS, rý ýý. 
iýrk3ýln'<nlii'kö 1 o> 47r 2m eb ný0 k 
+ <oj Lk6jn><nj rk3LjIo> (En-Eo)-1 (1.4e) 
The superscripts 'p' and 'd' stand'for 'paramagnetic' and 'diamagnetic' 
respectively. These terms were chosen as the latter acted to diminish 
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the effect of the applied magnetic field at the nucleus, whilst-the-former 
enhanced it. <ol represents the ground state and <nj represents the nth 
ý 
excited state. L is the angular momentum operator and ro defines the 
separation of the nucleus from the gauge origin. eßYS is the alternating 
tensor (=1 if ßYd is an even permutation of xyz; = -1 if it is odd; =0 
if any two of ßYd are identical). The other symbols are explained after 
equation (1.5). 
As can be seen, the paramagnetic term includes a sum over all excited 
states, including the continuum, of the system. These are not readily 
available for most molecules8. Thus Ramsey's equation in this form is not 
a practical one. 
Within the context of molecular quantum mechanics, equation (1.4) is 
exact, and thus the calculated shielding is independent of the choice of 
the origin of the-gauge of the vector potential. Both the paramagnetic 
and diamagnetic terms are individually dependent upon this choice of 
origin, but their sum is not. It was once thought that a certain choice 
of origin would set the paramagnetic contribution equal to zero9. This 
would allow-o to be calculated from the more readily available ground 
state properties incorporated in ad. This has been shown to be not 
generally possiblel0, as under certain symmetry conditions both the dia- 
and para- magnetic terms become accidentally gauge independent. 
Ramsey4 suggested an average excitation-: energy (AEE) approach to alleviate 
the problem of the excited states. In this he substituted an average 
value for the energy summation and invoked a 'closure approximation'. 
(Dirac's unity operator) to give an expression for the paramagnetic term 
which is dependent only on the ground state functions of the molecule. 
This method is unsatisfactory as a is the small difference between-two 
large terms, even for moderately sized molecules. Also, the'paramagnetic.. 
6 
term contains matrix elements which have been shown to depend critically 
on the choice of wavefunctionl3. 
, 
Saika and Slichter14 split Ramsey's expressions into three parts, 
the chemical shift being dominated by only one of these. Calculations 
based on this method using Hückel Ablecular Orbital (W) 
is 
and Complete 
Neglect of Differential Overlap (a DO/2)16 have been moderately 
successful in predicting chemical shift trends in closely related 
compounds. These calculations suffer from gauge dependency associated 
with the use of an average excitation energy approximation. 
1.2 LCAD NETHODS 
As has been seen, the main problem with Ramsey's initial theory is 
the treatment of the excited states of the molecule. The replacement of 
the energy summation by-a single average value is not physically 
satisfactory. With the improvement of computers, renewed interest has 
been shown in 'Sum Over States'. (SOS) calculations, this time using a 
Linear Combination of Atomic Orbitals (LCAD) method-to calculate 
molecular eigenvalues and eigenfunctions. This alleviates the problem 
of having to sun over the continuum, but its approximate nature introduces 
a gauge dependency to the results17. Reduction of the effect of gauge 
dependency on the calculated screening may be obtained by-increasing the 
size of the basis set. Suggestions have been made that the use of a basis 
set three times as large as a minimtm basis set will yield results with 
negligible gauge dependence17. Attempts have been made to define a 'best' 
gauge for calculating shielding -so that comparison between various 
calculations is allowed18. 
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Gauge independent results, for any size basis set, can be obtained 
by modifying the phase factor of the atomic orbitals used. By using 
exp(-ke/h)A1 (r)"r) (where An(r) is the vector potential associated with 
the electron in orbital u, r is the electron position vector with respect 
to the gauge origin) instead of the usual Condon and Shortly24 choice of 
unity, London19 was able to construct gauge dependent atomic orbitals 
which would give gauge independent results. A good explanation of these 
orbitals is given by Bohm20 and Hameka21. These gauge dependent orbitals 
are confusingly known as Gauge Independent Atomic Orbitals (GIAO).. 
Reviews of both ab-initio 
22 
and semi-empirical23 molecular orbital 
calculations exist. Thus, only a few comments on these methods are 
needed here. 
The ab-initio calculations using GIRD have a high level of success 
for small molecules. Errors in the individual components of the para- 
magnetic tensor of 2- 15% appear usual c2. These calculations are very 
expensive and at present, cannot be economically extended to other than 
very small molecules. Semi-empirical methods, however, can be readily 
applied to most molecules. Of these methods, Finite Perturbation Theory 
(FPT)2S and Pople's SOS method26, both combined with GIAD and Neglect of 
27 
Differential Overlap (NDO) eigenvalues and eigenvectors appear to be 
the most successful. Any general estimate of the errors involved in 
these calculations is not valid. This arises from semi-empirical 
calculations allowing for a certain 'flexibility' of parameters for 
applications in different situations, for 'example , CNDO/228 
has two such 
parameters whilst SPINDO29,151. has 28, although there is'a belief3o that 
I. 
the errors in the electron density matrix, and hence the calculated 
shielding, decrease with an increase in the number of atoms in the 
molecule. It is thought that by increasing the number of atoms in the 
8 
molecule there is an increase in the number of atomic orbitals of the 
correct symmetry to contribute to the molecular orbitals. This would 
improve the LCAC approximation of those molecular orbitals. 
Jameson31 has recently introduced the idea of shielding density. 
Little has been published so far on it, but the aim is to improve the 
quantitative nature of the discussion of the factors affecting the 
shielding in a molecule. 
Of the two most promising semi-empirical theories, FPT and Pople's 
independent electron model in a SOS representation, the latter has been 
used extensively for molecules containing first-raw atom 
32 
and to a 
limited extend for those containing second-row atoms33. The former had 
only been used for a small nunber of molecules containing first-row atoms 
at the beginning of this work34. It has subsequently been applied to a 
far greater number of molecules35 but appears not to have been used for 
molecules containing second-raw atoms. These two methods appear not to 
give appreciably different qualitative results. Direct comparisons 
between the two methods are difficult to make as they have been applied 
to different sets of molecules and employ different parameter sets for 
their NDO methods. This laboratory has been using Pople's SOS method 
as an extension of previous ABE calculations, and it was decided for 
reasons of comparison to continue using this method. 
1.3 POPLE' S MEOW OF MJLECULAR DIAMA(NETISM 
Pople26 developed an independent electron ND theory of molecular 
diamagnetism in wich he neglected two-centre overlap integrals and other 
two-centre matrix elements. He used GIRL) and a generalized form of his 
9 
equation for the shielding tensor of atom A, in a molecular environment, 
is given below 
11 aß(1oc) 
= 4ý ý 
ýjj 
A 
Puu) <u IF3 (r2 daß - rrß) I u> (1.5a) 
2M 
Qäß(nonloc) = 4ý 4m M 
ýA) ý Paa)<Xlr2saß 
ärßil> (ý 
x Rr, Is 
tpVa 
Z- 
3RNýRM) I 
I 
ý I' 
x <ujrý, kajv><, XjQßjQ> (1.5c) 
t 
(1.5b) 
Qaß (loc) _ -uo 
2e2i2 oýc imýcc(lEJ°) 
- 1S(°)ý-i 
A 4Tr mjk 
Ill kj 
xýýE 
(C (°)C(°) 
- C(°. 
) (°)ý [c(°)c(°) 
- C(°)C(°) I 
u<v vJ 
Cuk aj ßk aj ak 
oaß (nonloc) = -uo 
e222 11 
oCC unocc{1ECo1oJ1 )A 
47r m M(ýA) YJj 
M°B (°) (°) 
- 
(°) (°)l ( (°) (°) 
_ (°) 
(°) 
Xýv 
aa 
(pj 
vk C(C)C(! 
)) vj1 
tCaj - 
ýak C(O)r(O) ýak 
, 
u 
Aý 
x <ulka(v><al-ycr> M5(RMSaý- 
3RMYRM) (1.5d) 
6aß = Qäß (10c) + ßaß (nonloc) + Qäß (loc) + Qäß (nonloc) 
AAAAA 
(1.5e) 
QA(av) =3ý Qa 
a=1 
(1.5f) 
The superscripts 'd' and 'p' refer to diamagnetic and paramagnetic 
contributions respectively. The former represents the effect of the 
magnetic perturbation` on the electronic ground state of the molecule, 
M<y . u- v 
AA 
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whilst the latter represents its effect on the excited states of the 
molecule, mixing them in with the ground state. The terms loci and 
'nonloc' refer to the local and non-local contributions respectively. These 
terms should only be considered with respect to the effect of the nuclear 
magnetic moment of A. As can be seen, up äß 
(loc) contains terms from the 
A 
other atoms in the molecule; these are associated with the angular 
momentum operator describing the effect of the applied magnetic field. 
36 The non-local terms employ the McWeeny point dipole approximation of the 
effect of the nuclear magnetic moment of A on the atomic orbitals of B. 
ßa is the angular momentum operator (in units of 1i/i) which may be 
expressed as 
zX= - Isinýae + cote cosýae., 
ty =r 
(cos ý a6 -cote sin ý 
zz-a aý 
iýo 
(1.6a) 
(1.6b) 
(1.6c) 
Using these expressions for Ra, Jameson 7 calculated the expectation 
values <ujiajv> for 3d orbitals. Her expressions for dxy and dyz are 
transposed with respect to those used by Pople in his NDO methods27. This 
may lead to confusion, the expressions for the orbitals used in the 
Ore 9ýýoh iN ýQP 4%1 
present workh the values for <u ý Za I v> are given in 
Appendix 4c! ' ßäj m mn33 -obtained an equivalent'set of matrix'-elements-. using 
operator notation37. As the valence atomic orbitals on the same centre 
are orthonormal, only pairs of orbitals with the same angular momentum 
quantum number (2v) may have non-zero matrix elements. 
The electronic' singlet-singlet transition energies 
(SE. (0) 
- iEk(a) 
of equations (1. Sc) and (1. Sd) may be expressed as, 
, £k - ei -- + 2Kik - J)k (1.7) 
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where Ek and ej are the orbital eigenvalues and K 
Jk , 
and'J jk are the 
molecular exchange and coulomb integrals, respectively, defined as 
(0 Co Jkj 
uävß 
C}`k, *Cvj, *C7'k, ýQj)(uvýaQ) 
Kkj Cý)*Cýý)*Cý)CQý)(uavcr) 
uavQ 
(1.8a) 
(1.8b) 
Here (pvlAa) and (pAlva) are the repulsion integrals as defined in Pople 
and Beveridge38. As in the CNDO/S method (see below) the two-centre 
repulsion integrals are calculated from the monocentric integrals using 
39 
the Mataga-Nishimoto approximation. The monocentric values (yAA) are 
given in Appendix 1 (p. 186). pv are on centre A, a, X on centre B. 
A method of calculating the matrix elements <u I r-"'(r26ß - rrß) Iu> 
for w=0 or 3 is given in Appendix 3 (p. 195). <pIr 3i Iv> may be written 
as <ujr 3jv><ujkaIv>40 for the operators r-3 and L. commute. This can 
be seen from the expression for ka: , -=For r, u, v being centred' 
on the same nucleus and u, v having the same value of angular momentum 
quantum number (k) 
3Z3 
ZýL 
<u ýr3 Iv> _' <r uv °23 (n --2) or- ýas; (n = 3) 
00 
(1.9) 
where ao is, the Bohr radius and n the principal quantum, number. Zu' is the 
effective nuclear charge for the atomic orbital 1u>; the value of Z may be 
Al 
F+ 
obtained from Slater's Rules". These rules were originally derived for 
free atoms, but an extension to molecular systems may be made. For s 
and p orbitals with n=2 or 3 
Zns = ZnP = Zo + 0.35 gÄ et (1.10) 
where Z0 is the effective nuclear charge for the free atom and qA et is 
the net-election-density on atom. A; This-expression "is used in"the": ciirrent 
12 
work. As an initial estimate Z3d is taken to be equal to Z3p43. 
Of the other symbols in equation (1.5): 
uo = permittivity of free space 
m= mass of electron 
e= modulus of electronic charge 
fi = Planck's constant/21T 
Cüýý = tnlperturbed coefficient of the uth atomic orbital in the 
jth molecular orbital 
P(°) = 
oýccl(°)c(°) 
uu 7) 
I= sum over all atoms in molecule, including A 
B 
a, ß, y = cartesian directions 
ra = ath component of electron distance from the nucleus in 
question 
RM = distance of Mth nucleus from nucleus A 
rA = distance of electron from rtucleos A 
Of the four terms which make up the total shielding of a nucleus with 
n>i, a (loc) generally shows the greatest absolute change between disparate 
molecular environments. a (loc) remains constant to within about 3% for 
carbon, nitrogen, oxygen and flourine45, whilst the non-local terms do not 
generally contribute more than a few ppm to the chemical shift. 
Calculations were performed to give an example of the effect of the various 
contributions to S13C for a selection of molecules. CNDO/S46 eigenvalues 
and eigenvectors were used. The results are shown in Table 1.1 overleaf. 
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1.4 SEMI-EMPIRICAL M)LECULAR ORBITAL METHODS 
To provide the eigenvalues and eigenvectors for the shielding 
calculations, semi-empirical, ND027 methods were chosen. These provide 
all-valence shell electron calculations at a reasonable cost in computer 
time. A comparative review of approximate molecular orbital theories with 
50 
respect to computer time is given by Halgren et a1. This laboratory has 
investigated the use of various NDO methods of calculating chemical shifts. 
This experience suggests that NDO methods which are parameterized to 
reproduce transition energies generally give a better correlation between 
calculated and experimental chemical shifts than do those parameterized 
to reproduce ground state properties. Of the latter type: Complete Neglect 
of Differential Overlap type 2 (CNDO/2)28, Intermediate Neglect of 
Differential Overlap (INDO) 51 and Minimaun Intermediate Neglect of 
Differential Overlap (MINDO)52 were investigated53. These are all NDO 
approximations to the Roothaan equation54; CNDO/2 being an independent 
electron molecular orbital theory, whilst MINDO and INDO both include some 
two-electron terms (the Slater Condon parameters55). MINDO is parameterized 
to reproduce experimental ground state properties, whilst CHDO/2 and INDO 
are both parameterized to reproduce ab-initio values of ground state 
properties. These methods do not give satisfactory; vall: es for singlet- 
singlet excitation energies. 
Jaffe et a156 reparameterized the CNDO method to reproduce. n-ºTr*, 
Tr-), 7r* transition energies for series of home- and hetero-cyclic compounds. 
He called this modified version CNDO/S ('S' denoting Spectroscopy). He 
introduced another empirical parameter K' (= 0.585) to reduce the Tr overlap, 
which was., known to be over-estimated by (NDO/240. His work was criticized 
for predicting an incorrect ordering of the energy levels in benzene57 and 
a new parameterization was mooted57. This parameterization was not 
is 
successfully extended beyond carbon and hydrogen. The method of Jaff6, 
as modified by Pariser46, was used in the present work. Lately, 
58 59 
modifications of the $ parameter and the Slater exponent in CNDO/S 
as functions of the electronegativity differences of two bonding atoms 
have been suggested for the calculation of chemical shifts. These 
modifications are not used in the present work as they do not allow for a 
direct comparison with previous work in this laboratory. 
As CNDO/2 was modified to CNDO/S by Jaff6, similarly was_INDO 
modified to INDO/S by Krogh-Jasperson60. Comparison between CNDO/S and 
INDO/S sum-over-state calculations of the chemical shift for nuclei in 
molecules containing first-raw atoms suggests that the use of the INDO/S 
61 
scheme improves the results with respect to those of CNDO/S. 
Extension of the NDO method to second-raw elements has proved to be 
difficult. One of the reasons for this is the lack of spectral: sdata. 
The main reason has resided with the choice of whether or not to include 
the 3d orbitals and if so, what orbital exponent to use for them. Slater's 
Rules41 are not applicable, as these were calculated for free atom and 
thus give a 3d exponent for second-row atoms of zero. Santry and Segal62 
varied the 3d exponent in CNDO/2, and suggested that a value of 0.75 of 
the 3p exponent was a good initial approximation. Lipscomb et a163,64 
performed self-consistent field calculations using Slater-type orbitals 
to obtain the 3d exponent, and the results are shown in Table 1.2 below. 
TABLE 1.2 
Nblecule PO(a) PÖ (a) P2 (a) SiH4 (b) H2S (b) 
C3d 1.4 1.1 1.4 1.3020 1.7077 
ý3pS 1.6 1.6 1.6 1.38 1.82 
(a) Reference 63 (b) Reference 64 
16 
ý3ps is the 3p exponent derived from Slater's Rules, here used for 
comparison. Keeton and Santry43 performed similar calculations, and the 
results are shown in. Table 1.3 below. They concluded that a good estimate 
TABLE 1.3 
Molecule PH3 PF3 H2S SO2 SO42 SFa 
ý3d 1.6 1.4 1.7 1.5 1.4 1.5 
ý3ps 1.6 1.6 1.82 1.82 1.82 1.82 
of ý3d would be 0.9 of the 3p exponent taken from Slater's Rules. , 
Despite these suggestions, most second-row NDO calculations are performed 
with Od = Op =0s. This has resulted in the participation of the 3d 
orbital in bonding being over-estimated65. Comments on the question of 
3d orbital participation in bonding can be found in the following: 
Coulson66, Nitchell67 and Dyatkina68. 
Both INDO/S and INDD/S have been extended'to molecules containing 
second-row atoms. There has been a large amount of attention focussed 
on the former, but little has been published on the latter. As is 
69 
common with semi-empirical methods, each group of workers has its own 
preferred set of parameters. This does not allow direct comparison 
between papers. Because of the volume of literature on (NDO/S for second- 
row atoms, -it is a very 
difficult task to give a comprehensive review of 
all the papers. However, a few papers which represent the-application, 
flexibility of parameterization and possible limitation of the (NDO/S 
method are briefly discussed below. 
Shulte and Schweig70 modified the INDO/2 program, but found that a 
value of K'=0.585 was acceptable only for pTr overlaps, whilst to reproduce 
the known ordering of the energy levels of thiophen and phosphin they 
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used K'= 0.3 for d orbitals. Raj zman71 retained K'= 0.585 for d orbitals 
but did not mention how he tackled 6 bonding. He used his method for SOS 
calculations of ä13C. These he showed to be an improvement on the 
corresponding CNDO/2 calculations. Guimoniet--a@72-chose to vary the K (CNDO/2) 
parameter from 0.75 to 0.7 for their calculations on dithiolylium ions. 
One questionable application of CNDO/S is that by Kroner et a1. They 
73 
used INDO/S parameters to predict the energy levels of some azo compounds 
and concluded that the Tr energy level was above the non-bonding energy 
level. They. did not acknowledge Lipari and Duke's57 observation that 
CNDO/S is not reliable for predicting the ordering of energy levels, nor 
the experience of Schulte7O. 
The present work utilizes INDO/S, CNDO/S, QVDO/2 and INDO methods. 
/ 
The parameters which are used for these are presented in Appendix 1 (p. 186). 
Comments on the initial choice of CNDO/S parameters for second-row atoms 
are. given in Chapter 3. Because of the paucity of literature on INDO/S 
for second-row nuclei, the CNDO/S method was chosen for these. The-form 
used is an extension of QCPE program 17474. The overlaps involving d 
orbitals calculated by Jaffd75 were used; the remaining d orbital 
overlaps were calculated by the method of Millikin et a176 and are 
presented in Appendix 1 (p. 186). Overlaps containing second-row elements 
are rotated from the diatomic to molecular reference frame by the method 
used in the C DD/2 program38. A straight extension-of the 
method used in CNDO/S (QCPE program 174), although equivalent, was found 
to be too cumbersome and prone to programming errors. These programs are 
written in FORTRAN IV and run on the London and Manchester University 
CDC 7600 machines. As an initial estimate, the 3d exponent was taken to 
be equal to that of the 3p orbital. However, provision was made in the 
program to allow the 3d exponent to be altered independently of the 3p 
exponent. Standard geometries77 are used throughout this work, unless 
otherwise stated. 
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The following values of K' are used for INDD/S: 
S overlap, K' =1 
r overlap, K' = 0.585 
a overlap, K' =1 
Also, the value of K =0.75 is used for overlaps involving wavefunctions 
on second-row nuclei (as in QVDO/2). 
It is found useful to define a quantity, Saß, (the magnetic integral) 
as 
AB (°) (°) 
- 
(°) (°)l ( (°) (°) 
- Saß 
uIvIXIG 
( 
C(O)C(D) ývk C(O)C(O) vj ýuk J C(O)C(O) ýQk C(O)C(O) Qj ak 
x <ujrý3Qajv><ajQßjQ> (1.11) 
for the transition between states 3 and{{. The symbols used are as 
defined after equation (1.5). 
Unless otherwise stated, all results quoted are from the present 
work. All chemical shifts are quoted in parts per million (ppm) from a 
reference environment, using the high frequency. positive sign convention. 
(t'a bk t .4, 
ý, Q,: 0 W) 
The following molecules are used as reference environments for the 
principal nuclei discussed in this work, unless stated to the contrary. 
TABLE 1.4 
Nucleus Molecule 
CNDO/S INDO/S CNDO/2 
/ý 6° TOT to TOT 
1-centre 2-centre 
6-roT 
1-centre 
6TOT 
1-centre 
13C C6H6 71.76 33.97 73.88 - 
14/15N McN02 -87.79 -136.49 59.06 - 
29Si SiMe4 725.81 - - 363.35 
31P H3P04 728.98 - - - 
CHAPTER 2 
SOME SHIELDING CALCULATIONS ON M)LECULES 
CONTAINING TILE N-X BOND 
19 
2.1 INTRODUCTION 
iý 
Attempts have often been made to interrelate various phenomena in 
order to obtain an integrated physical theory. The rigorous nature of 
these efforts has ranged from ab-initio theoretical to purely empirical. 
It is the latter which is often the more controversial as it allows great 
scope for subjective interpretation. There is a large volume of 
literature in which relationships between the NMR chemical shift and 
various other physical properties are sought. Two main bases for the 
bulk of this work may be identified. 
Firstly, as the proton was once the predominant routine NMR nucleus 
many theoretical treatments of the chemical shift dealt solely with it78. 
Hydrogen is not a good representative of atoms in general as its electronic 
structure may be represented by one is eigenfunction. All other atoms, 
except helium, need the inclusion of p and even d or f eigenfunctions to 
give an equivalent representation. Thus many of the relationships 
between the chemical shift and other properties of the hydrogen atom in"a 
molecule need not be applicable to heavier atoms. One such relation is 
the linearity often found between 6H and 0I (the hydrogen electron 
density). This has some theoretical backing since the magnetic shielding 
of hydrogen may be taken as ad(loc) + ad(nonloc) +a (nonloc) ,a (loc) being 
identically zero for a minimunn basis set of one is orbital as Qa I ls> =. 0. 
If the hydrogen shieldings being compared are associated with substitutions 
I 
on the molecule remote to the hydrogen, then the change in the non-local 
contributions may be neglected. In these circumstances 6H =- Aa 
Ha AQH' 
This relationship has been used to determine Taft constants in substituted 
benzenes79. Since this simple relationship has enjoyed success in proton 
NMR a similar. relationship has been looked for, with varying degrees of 
success and little theoretical hypothesis, for heavier atoms80. The 
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minimum basis set for these atoms contain eigenfunctions with angular 
momentum quantum numbers greater than zero; these are not annihilated by 
the angular momentum operator. Thus the a1'(loc) term is generally non- 
zero and as the_ form of a(loc) shows, a linear relationship between the 
chemical shift and'electron density should not be expected. In specific 
cases it is believed-that linear relationships between chemical shift 
and w electron density81 or electron density modified by the mutual 
polarizabilities of the atoms in the molecule82 have been found. On the 
whole attempts to relate non-hydrogen chemical shifts to electron 
densities are disappointing and at best may only reproduce gross trends. 
Similar criticisms may be aimed at the supposed connections between the 
chemical shift and linear free energy parameters, such as those of Taft83 
or Swain and Lipton84. 
The second main source of correlations is the Average Excitation 
Energy approximation (AEE) of the paramagnetic sum over excited states 
contribution to magnetic shielding. Using this unsatisfactory 
approximation, Karplus and Pople85 have developed a relation between the 
magnetic shielding-of the"atom and its bond order with an adjacent atom. 
Another consequence of adopting the AEE approximation has been the attempt 
to relate the chemical shift to transition energies obtained fran 
electronic spectra. .. It can, 
be seen from the expression for aP(loc) that, 
86 
generally, -. AE may only be related to a weighted mean of the a+ a*, 
n-" a*, a -+ Tr* and n-º Tr* transition energies (the symnetry, of , the expression 
for Qp does not allow non-zero 7r-)- Tr* contributions). Gross trends in.. 
chemical shifts have been related to. a , the long wave cut-off in photo- 
electron spectroscopy for nitrogen87 and carbon88 containing molecules. 
However, that this relationship does not generally hold may be seen from 
73 
Kroner et al. 
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Other correlations have been sought between 6 and the electrö- 
negativity of the adjoining atoms, 6 of other nuclei in the same molecule, 
bond angles, bond lengths and rotation barriers;. the last three are,, 
discussed below. These and other empirical relationships have been 
adequately, although not critically, reviewed by Martin et al95 for-13C. 
There do not appear to be any similar recent reviews for other nuclei. 
Dynamic NMR96 has been found to be 'a useful tool with which to study 
hindered rotation about partial double bonds. It has been used to provide 
infonuation about electronic delocalization of the nitrogen lone pair in 
N-X bonds97. Measurements of this type have, however, been found difficult 
to perform and the results prone to systematic error98. Martin99, after 
Hampsonloo has suggested an alternative measure of this delocalization. He 
believes that the greater the barrier to rotation about the N-X bond, the 
greater is the delocalization of the nitrogen lone pair to the it bond 
system of the molecule. This he related to the decrease in shielding of 
the nitrogen nucleus in going from the triply-bonded pyramidal to the 
triply-bonded planar form. To test this hypothesis he initially took the 
measured activation energies (Ea) for rotation about the N-C bond in a, 
;,, 
series of N=C containing compounds and compared them with the 
corresponding 614N. He obtained good correlations for anu'des (R2 = 0.96) 
and thioamides (R2 =0.95) ;R being the least-squares correlation 
coefficient. ' In later papers101 he took the free energy of rotation 
(tG as a measure of the delocalization. AG is more freely available 
than Ea, and it is also a more accurate measure of the internal changes 
produced by structural variations102. 
Of the molecules studied by Martin99,10 , the following sets were 
chosen for all-valence electron calculations of their electronic 
properties. - These sets areamides, thioamides, ureas, thioureas,, enamines, 
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nitrosamines, hydrazones, substituted anilines and N, N-dimethylanilines. 
These were chosen to present-examples of N-N and N-C bonds, the effect of 
a substitution on the nitrogen-chemical shift, the presence of benzene 
rings and the effect of substituting a sulphur atom for an oxygen atom. 
From the sulphur-containing molecules it was hoped to obtain information 
about the effect of'the 3d orbitals on chemical shifts and electron 
distribution. As a result of some of these molecules containing sulphur 
atoms Q'JDO/S eigenfunctions were used for all of the molecules to calculate 
electron densities, shielding parameters and b aid orders. IND051, 
calculations were performed on the total energies of sane of the anilines. 
Bond orders were calculated using the method of-Boyd103. The -C=S bond 
089 
length was taken to be 1.7 A. Throughout the present chapter, the amino 
nitrogen is ass med to be planar with bond angles of 1200. 
2.2 ANILINES, N, N DI. NETHYLANILINES AND ENAMINES 
The anilines and N, N dimethylanilines allow the investigation of the 
electronic properties of the N-C bond, both with respect to substitution 
on the benzene ring and also with substitution of a methyl group for a 
hydrogen on the nitrogen itself. The results obtained by this work are 
shown in Tables 2.1- 2.4 (p. 39-42); the correlations between 615N(exp) and 
AG$, 615N(calc) , P, ff 
(C-N Tr bond order) are shown in Appendix 4. 
Some of these correlations are portrayed in graphical form (Figures 2.1 
and 2.2, p. 63). General points of concern to all series of molecules 
will be dealt with in the discussion, but there are a few specific points, 
to make about these molecules and these appear below. 
For all the anilines and N, N dimethylanilines the NH2 (or NMez) group 
is assumed to be co-planar with the benzene ring. There is strong evidence 
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to suggest that this is not the casel04 . Calculations were performed to 
show the effect of rotation of these groups out of the plane of the 
benzene ring has on the chemical chemical shifts and bond orders. These 
results are shown in Table 2.5 (p. 43). Figure 2.3 (p. 63), although 
containing no more information than Figures 2.1 and 2.2, does show that a 
linear relationship' exists between PTr and 
d. Two points "of interest 
are '1' and '3' of the N, N'. dimethylaniline series. Point 3 deviates from 
the trend set=by the majority of'the rest of the points in the N, Nhdimethyl- 
aniline series in all three graphs. For Figures 2.2 and 2.3, P, r 
is over- 
estimated with respect to the rest of the series. Amongst other ways, P, 1 
may be reduced either by lengthening the C-N bond105 or by rotation about 
it (see Table 2.5). Figure 2.1 shows that the calculated chemical shift 
is over-estimated with respect to the rest of the series. Table 2.5 also 
shows that rotation about the C-N bond will increase the nitrogen shielding 
and thus reduce 6N. Increasing the bond length will lead to an increase 
in, 6N (see Section 2.5, p. 32). This may indicate that the molecule, under 
the experimental conditions, has an expectation geometry, averaged over the 
NMR time scale, which includes a rotation of the amino group out of the 
plane of the benzene ring. Similar arguments may be made for point 1. The 
change of P71 to 0.39 necessary to satisfy the trends of Figures 2.1 and 
2.3 would only change the correlation of Figure 2.2 slightly, as point 1 
is an extreme. 
Martin suggests that the height of the barrier to rotation about the 
C-N bond may be calculated as the energy difference AE= ET - EG, where EG 
is the energy of the molecule in the ground state and ET its energy in the 
perpendicular transition state. For this a knowledge of the transition 
state is necessary, but is often difficult to find. For a series of small 
carbonium ions, Kollman106 merely rotated 90 degrees about the bond to 
obtain the transition state. He obtained results which were of the same 
24 
magnitude as the experimental ones. Another argument against using NDO 
approximations for barrier height calculations in molecules similar to 
107 these substituted anilines may be based on the work of Galasso. His 
INDO study of 4-pyrinaldehyde predicted its stable structure to be with 
the aldehyde group perpendicular to the pyridine ring. Gas phase infrared 
and dipole moment measurements, together with extended Hückel calculations, 
suggest that the aldehyde group should be co-planar with the pyridine 
ring. He concluded that the 7T delocalization contribution to the total 
energy of the molecule is under-estimated with respect to that from 
steric factors (strain energy) in the NDO theory. This hypothesis is 
strengthened by INDO/2 and MINDO/2 calculations failing to reproduce the 
experimental structure of benzaldehyde108. 
INDO calculations of DE were performed for some anilines using the 
method of Kollman. AG# values are included but these should not be 
. directly compared with 
DE values since AE calculations do not include 
changes in entropy. The trends in both values should be similar as the 
theory allows both to be compared with nitrogen chemical shift. These 
values are shown in Table 2.6 (p. 44). Despite the small number of 
calculations, it is seen that for the N, N.. dimethylanilines there appears 
to be no common features between tE and AG# but there does appear to be 
one for the anilines. This, taken with Figure 2.3, may suggest that for 
ground state properties the substituted anilines are well represented by 
the planar geometry used, but N, N dimethylanilines are not. However, this 
second point must, after Galasso107 only be considered as speculative. 
r 
2.3 AMI ICS AND UREAS 
There has been a great. deal of. discussion as to whether the nitrogen 
" chemical shifts in these compounds may be related to the size of the 
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barrier to rotation about the C-N bond. Hampson100 first suggested that 
such a relationship existed. But Siddal109, failed to find the predicted 
correlation between. öl"N and the barrier heights of N-alkyl substituted 
amides. This, he admitted, might be attributed to the presence of bulky 
substituents on the N-C bond. D9artin103 did manage to reproduce the 
predicted trends. He even attempted to obtain a quantitative relationship 
between activation parameters about the C-N bond and S1SN so as to use 
S15N to predict Ad for the rotation. This last extension has been 
adversely criticized by Lichter110. He attempted to use Martin's 
relationship, as modified by Met to predict Ea of rotation for a 
series of ureas. Martin, in later ti-)rk, calculated the calibrating AC 
values for his amides under the same set of conditions as he measured 
615N 112. Lichter took his S15N and Ea data from disparate sources. Not 
only is the measurement of Ea subject to systematic errors 
113 
and medium 
effects' but, as can be seen from Lichter110, the 615N for the ureas is 
solvent dependent. This his argument that 615N has questionable value in 
predicting the magnitude of barriers to rotation is not totally convincing. 
Various electronic parameters have been calculated for both the 
amino nitrogen and carbonyl carbon in some representative amides, -ureas 
and their thio derivatives. These-are presented in Tables 2.7- 2.13 
(p. 45-54) and selected information is graphically presented in Figure 2.4- 
2.7(p. 64-67) and the relevant statistical correlations are presented in 
Appendix 4. . 
Figure 2.4 shows that the nitrogen chemical shift trends of the 
amides are well represented by Pople's method when considered in their 
respective homologous series. The correlation of S15N(calc) v d1SN(exp) 
may be improved for the N, N dimethylamides by reversing the assignments 
of points 2 and 3 which will give an improvement in the correlation 
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coefficient from 0.7375 to 0.9869, if the phenyl substituted amide. is not 
included. Further evidence for this interchange may be found by 
observing the experimental chemical shift trends of the other amide series. 
One molecule which does deviate from the trends shown by the rest of 
its series, in 615N(calc) and P,,, v S15N(exp), is the phenyl substituted 
N, N-dimethylamide. It is believed that the neglect of certain steric 
effects, such as intramolecular repulsions leading to a distortion of the 
molecule from its assigned geometry, is responsible for these deviations. 
There are some pieces of evidence to suggest this. Firstly, observation 
of the experimental S15N trends shows that the nitrogen nucleus , in the 
phenyl substituted N, N diinethyl and N, N diethyl amides is less shielded, 
with respect to the other members of their respective series, than would 
be expected fromHampson's hypothesis and the trends in the other amide 
series. This is also shown by observation of S15N(exp) v Ea99. Secondly, 
for the peptides and N, N formyl amides the experimental chemical shift 
of the phenyl derivative relative to its respective series is well 
reproduced by the calculated value. In these molecules the phenyl group 
is cis in relation to a hydrogen on the nitrogen, whilst in the dimethyl 
and ethyl molecules it is cis to a bulky alkyl group, and it is. this, 
positioning which may lead to steric interactions. Hampson115 has 
suggested, that 12° rotation of the dimethyl amino groups about the C-N 
bond would give a better representation of the molecular geometry. This 
would, however, result in an increased screening of the nitrogen, an effect 
in the opposite direction to that sought. 615N was calculated as a 
function of the angle of rotation about the carbonyl-phenyl bond. The 
extrema of these results are shown as an error bar in Figure 2.4, and it 
can be seen that this rotation does not account for all of the deviation. 
The evidence suggests that steric effects may form a large contribution 
to the nitrogenshielding'in this molecule, although the exact nature"of 
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these effects is unknown. To fully explore this possibility an 
optimized geometry is needed, and as discussed in the section on 
anilines, a reliable geometry may not be predicted using NDO methods. 
In contrast to the correlations obtained between calculated and 
experimental shifts for nitrogen, those for carbon are very bad. The 
chemical shift of the carbonyl carbon has received a great deal of 
attention. This nucleus is susceptible to medium effects116 through 
the presence of the lone pairs on the contiguous oxygen atom. Galasso117 
suggested that the inclusion-of two-centre integrals is necessary when 
calculating the chemical shift of this nucleus; this is discussed 
further in Chapter 4. Von Philipsborn 
ll$ believes that semi-empirical 
calculations better produce relative experimental values between atoms 
which suffer as little change in their local molecular geometry as 
possible. Thus as the substitutions are made at the carbonyl-carbon,, 
this suffers a greater diange in its local geometrical environment than 
does the nitrogen. - 
The relationship between calculated P, T and 
Q, 
T with 
615N(exp) and 
613C(exp) are shown in Figures- 2.5ýe. ýcýý2"l . EC- 2 4141-Io ý Good correlations 
generally exist&P, rr and 
the experimental nitrogen and carbon chemical 
shifts; the former having a positive slope, the latter a negative one. 
Q7r for carbon correlates well with 613C whereas there appears to be 
poorer correlation between the corresponding nitrogen parameters. These 
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observations are consistent with those of Galasso and Jones82. 
Despite the uncertainty of the S15N(exp) for ureas, results similar 
to the amides were obtained, and resonance 9 is of particular note. 
This resonance appears to show no solvent-induced chemical shift between 
the measurements taken in 4M N, N dimethylformamide (DMF) and those taken 
in dimethylsulphoxide (t SO), although there is a shift on dilution from 
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4M to 2M DMF. The other ureas show solvent-induced shifts of up to S ppm 
on changing from IMF to DMSO solution. Table 2.14 below gives an 
indication of solvent effects for three symmetrically substituted ureas. 
TABLE 2.14 
61"/15N Webb121' Webb 2120 Martin112 Litcher Litcher Litcher110 
NiCH3 -301 ±2 -297.4 -313.7 -313.62 -313.58 -312.24 
N(CH3)2 -306 ±0.7 -302.8 -305.8 -305.23 -305.29 -302.64 
NH2 -316 ±2 -320.0 -318.8 -316.72 -317.57 -316.72 
Solvent H20(satd) Neat 4M DF 2M MIF 4M IMSO 
By comparison with Martin, it is expected that the solvent effect on 
the chemical shift of resonance 9 in going from solution in 4M DMF to 4M 
DMSO should be about -2 ppm. This effect is still not enough to explain 
the deviation of resonance 9. This point is associated with the only 
quadruply methylated urea. Steric interactions between these methyl 
groups may be associated with a deviation of the molecule from planarity, 
a view shared by Dougherty119. This point does conform to the trend of 
the majority of the other ureas for P, m 
615N, -although resonance 1 
deviates from this trend. This also suggests that a linear relationship 
between P, 
m and 
S15N(exp) is not generally applicable. 
The 15N chemical shift data of Lichter110 may be used to show an 
improvement between the calculated trends of Witanowski et a1120 and 
the experimental ones. Witanowski et al used Pople's method combined 
with the INDO semi-empirical molecular orbital theory to calculate the 
chemical shifts for some ureas. The improvement may be related to the 
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use of 15N by Lichter and 14N by Witanowski, the latter giving broad 
121 lines arising from nuclear quadrupolar relaxation; or, it may be a 
solvent effect. The results are shown in Table 2.15 below. 
I 
TABLE 2.15 
Result 6 (calc) (a) (calc) (b) (a) a (c) n 
3 132.7 -188.45 -310.7 -310.19 
6 122.6 -182.55 -302.8 -302.64 
7 128.8 -184.52 - -304.74 
8 136.5 -186.51 -297.4 -312.24 
9 142.6 -186.93 -320.0 -316.72 
(a) Witanowski 
(b) This work 
(c) Lichter (I0) 
Comparison of the INDO and CNDO/S results with Lichter's 
experimental data shows that in this case the INDO predictions are in 
better agreement with the experimental values than are those of 
CNDO/S. This may be indirect evidence to support. the belief in ground. - 
state properties dominate the relative nitrogen chemical shifts of 
these ureas. 
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2.4 NITROSAMINES AND HYDRAZONES 
These are taken as examples of the N-N bond. They are both powerful 
carcinogenic agents and are thought to act as alkylating reagents of the 
puric bases in DNA122. A knowledge of the electron distribution in these 
molecules, possibly from nitrogen 1VMR data, would be useful in comparing 
the carcinogenic activity of various diazo derivatives. Although the 
physical properties of the nitrosamines are not satisfactorily reproduced 
by this work, the results serve to highlight some of the limitations of 
the semi-empirical method used. 
The results for both hydrazones and nitrosamines are presented in 
Tables 2.22 and 2.23 (p. 59-60); the numbering scheme for the molecules is 
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consistent with that of Martin. The chemical shifts of the assymetrical 
nitrosamines were weighted according to the cis-trans distribution of 
Martin101. In the statistical interpretation of the data, nitrosamine 16 
was neglected. The results for this molecule deviate from the trends set 
by the others. One, possible, reason for this may be the presence of the 
pseudo halogen -C: N in the molecule. The effect of the electronegativity 
difference of this group compared with the other alkyl groups is not 
adequately accounted for by the approximate nature of the NDO method. 
A comparison of results between the nitrosamines and hydrazones shows 
that the various calculated values of the former do not correlate as well 
with experimental chemical shifts as do those of the latter. Two dominant 
contributions to this difference may be isolated. As mentioned previously, 
the results of the semi-empirical method used are very sensitive to changes 
in the local geometry of an-atom in a molecule. This could account for 
the worsening, of the amino nitrogen correlations in going from the 
hydrazones to nitrosamines. The former are only subject to changes in y 
substitution, whilst for the latter the changes are of the ß substituent. 
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More support for this argument may be found by comparing the correlations 
between the calculated and experimental chemical shifts of the respective 
a carbons. For the nitroso nitrogen the presence of the lone pair 
usually leads to unsatisfactory correlations between S15N(calc) and 
S15N(exp). This may be attributed to the isolated molecule model used for 
the calculations not being an adequate representation of the molecule in 
solution, where Van der Waals interactions with other solute or solvent 
molecules may result in molecular aggregation. An indication of this 
effect may be obtained from Table 2.16 below. These two molecules were. 
TABLE 2.16 
Ablecule SN1(calc) 8N2 (calc) DE (av)N1 QE (av)N2 d (exp)N1 6(exp)N2 
ý; N-Ný0 
-117.41 +118.67 17.24 10.87 -143.2 +159.8 
MeýN-Nl 0 
-141.33 +65.52 18.71 17.76 -216.0 21.8 
I&- 0 
chosen as extreme models and calculations were performed to show the 
sensitivity of the nitroso nitrogen, with respect to that of the amino 
nitrogen, to interactions with the nitroso lone pair. Both the nitros- 
amines and hydrazones contain these nitroso nitrogens, and this may, 
explain why in both sets of molecules the experimental chemical shift 
data are not as well reproduced by these calculations than as those for 
the amino nitrogens. The presence of oxygen in the nitrosamines also 
leads to such effects as protonation of its lone pairs which can greatly 
103 affect the chemical shift of both the amino and nitroso nitrogens. 
It is interesting to compare the value of c (nonloc) between the two 
sets of'molecules (see Table 2.17 overleaf). As can be seen, the nitroso 
nitrogen of the nitrosamines has a large contribution to its relative 
chemical shifts arising from these non-local terms. This may indicate 
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TABLE 2.17 
Nitrosamine QP (nonloc) QP (nonloc) N1 N2 Hydrazone 
QP (nonloc) QP (nonloc) 
N l' N2 
1 0.86 3.98 
2 2.24 0.90 
3 2.16 0.73 
4 1.09 2.92 
7 0.81 3.52 
12 0 2.05 0.87 
180 1.14 11.40 
16 0 1.20 -3.25- 
180 1.44 - 4.90 
19 0 2.18 0.92 
180 2.00 16.21 
30 2.04 0.89 
31 2.00 0.85 
32 1.94 0.72 
33 1.80 1.09 
35 1.48 0.99 
37 2.41 0.70 
38 2.30 
. 
0.70 
that the inclusion of two-centre integrals would improve the calculated 
chemical shift, and this possibility is explored in Chapter 6. 
2.5 VARIATION OF CEIENCAL SHIFT WITH N-X BOND LENGTH 
It is generally believed that increasing the X-Y bond order decreases 
the X-Y bond length. Dewar123, using a modification of Pople's, semi- 
empirical M) method, obtained a linear124 relationship between the bond 
order and length of the C-C bond in hydrocarbons. It is also believed 
that, in cases where steric hindrance does. not form a major component of 
the barrier to free rotation about a bond,, an increase in this barrier 
height is associated with an increase in the bond order, as discussed 
previously. Such considerations prompted Martin101 to suggest that the 
length of the N-N bond would be a measure of the delocalization of the 
amino nitrogen lone pair to the molecular ff bond system.. He obtained a 
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good relationship between the N-N bond lengths of selected N, N-dimethyl 
diazo compounds and their respective amino nitrogen chemical shifts 
(R2 =0.99). This he presented as supportive evidence for the validity of 
his 2-815N relationship. The results of this work satisfactorily 
reproduce this relation between bond length and'6 15N, with the exception 
of the phenyl substituted compound (see Table 2.18 overleaf). The N-N bond 
length for this compound was estimated from Martin's relation between S1SN 
and bond length; the other molecular structures employed were those 
quoted by Martin. -Unfortunately, this work shows that the chemical shift 
of phenyl substituted molecules is not well reproduced by Pople's theory 
and CNDD/S when compared with alkyl substituted molecules. Thus no 
constructive comment may be made on the significance of this deviation. 
An important observation to be made for this series of molecules is 
that the change of S15N with bond length (26/8R) is negative in-the 
series as a whole, whereas for a single molecule changing the bond length 
gives, BS/8R to be positive (see Table 2.19, p. 34). Semi-empirical. 
calculations normally tend to under estimate the magnitude of the chemical 
shifts. This , 
is, believed to be, in part, due to the over-estimation of 
the transition energies by the NDO method27. Barfield1'25 even suggested 
that, for magnetic shielding calculations, the transition energies 
calculated by the INDO method should be halved. An improvement has been 
made by employing the QJDO/S and INDO/S methods, but these also tend to 
under-estimate experimental chemical shifts126. The opposite signs found 
for a6/8R of the series and the single molecule may help to explain why, 
in this work, the slope of S15N(calc) v S15N(exp) for the amino nitrogen 
is greater than unity for the amide, urea and hydrazine series. Since 
standard geometries were used for these series, the constancy of the N-X 
bond length would over-estimate S for molecules with lower values of P7r 
compared to those with higher values. Thus the calculated range is 
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TABLE 2.18 
CNDO/S calculations of a15N 
o (a) 
Nblecule RM/A cr 15N (calc) d 15N (calc) S 15N (exp) 
(Me) 2N-N=0 1.344 37.07 -124.86 -143.2 
(Me)2N-NO2 1.382 53.54 -141.33 -212.5 
(Me)2N-N=ý 1.393 105.17 -192.96 -222.7 
(Me)2N-N=Q-IMe 1.43 93.30 -181.09 -275.5 
(Me)2N-NH2 1.45 105.88 -193.67 -313.1 
Nucleus in question 
(a) Experimental values taken from Reference 101 
expanded, whereas using experimental geometries leads to a slope of less 
than unity (see Table 2.18 above). This may be contrasted with the slopes 
for nitrosainines, anilines, N, N dimethylanilines and enamines being less 
than unity. These latter series also exhibit an inferior reproduction of 
SN(exp) by SN(calc), when compared with the former. This strongly suggests 
that the structural change between two members of one of these latter 
series is not merely a difference in the N-X bond length, but is more 
complicated. Further evidence for this may be seen in Table 2.18, where 
the experimental chemical shift of N, N-dimethyl nitrosamine is well 
reproduced by calculation, with respect to the other N, N-dimethyl diazo 
compounds, although it does not compare well with the other nitrosamines. 
TABLE 2.19 
Me 40 Variation-of a15N with NIN2 for N1 N2` Me 0 
RN1N2 'R. 1.35 
, 
1.36 1.37 1.38 1.39 1.40 1.41 - 
a1 5N1 60.90 59.71 58.52 57.34 56.17 55.01 53.87' 
Q15N2 -17.50 -18.06 -18.62 -19.18 -19.74 -20.30 -20.87 
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2.6 THIOAMIDES AND THIOUREAS 
The results of the CNDO/S calculations'of the nuclear shielding of 
13C and 15N in some N, Ný-dimethyl thioamides and thioureas are presented 
in Tables 2.9- 2.12 (p. 51-53). No consistent set of experimental data 
has been found for these molecules. Thus only a few general comments 
will be given. 
The data collated by Martin99 indicates that the barrier to rotation 
about the C-N bond is greater for the sulphur-containing molecules than 
for those containing oxygen. This is"mirrored by the value of Pý 
calculated in this work. There is also a shift to high frequency of both` 
the' experimental 13C and 14N"resonances, from the oxygen to sulphur- 
containing molecules. This is also reproduced by the results of this work. 
One of the aims of this chapter has been to test the hypothesis that 
the chemical shift trends of 15N in related series of molecules containing 
the N-X bond may be reproduced by ground state properties of those 
molecules. Kaiplus and Pople85 have, shown that if the sun over electronic 
states can be replaced by an average value for the excitation energy, then 
this may be possible. Table 2.21ý(P. 62 171 shows the average values 
obtained for AE for 15N and 13C in the series of amides and thioamides 
investigated in this work. The value was obtained by taking the mean of the 
individual singlet excitation energies contributing to the shielding 
weighted by their corresponding magnetic integrals. These results show 
that AE remains reasonably constant throughout each series, except for 
N, N-diformyl ethylamide and the phenyl derivatives. The former exception 
is in accordance with the results of Section 2.7, the latter is as 
expected from Section 2.3.615N and 613C have been shown tolbe related to 
ground state properties in Sections 2.3 and 2.7 for amides. Thus it would 
be expected, from'Table 2.22, that similar relationships would hold for 
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the same nuclei in thioamides. 
From Tables 2.9 to 2.13 it appears that the contribution to a15N and 
a13C, from the 3d orbitals on sulphur, is generally less than 1 ppm. The 
topic of including the 3d orbitals on second-row nuclei into the 
calculation of shielding for first-row nuclei is discussed in Section 6.4. 
2.7 DISCUSSION 
The aim of this work is to present evidence which may provide some 
substance for the claimed empirical relationship between rotation barriers 
of the N-X bond and the nitrogen chemical shift. For their good 
correlations between calculated and experimental data, the amides are 
chosen as representative of the N-C bond and the hydrazones for the N-N 
bond. Formyl and isopropyl substituted N, N-difonnyl amides are chosen as 
models for discussion (molecules A and B respectively), and the conclusions 
from these molecules are extended to the other amides and hydrazones. 
The chemical shift trends of these two molecules are well represented 
by some semi-empirical calculations; they appear to be sensibly unaffected 
by steric effects and show a large nitrogen chemical shift difference.,. 
From Table 2.7b it can be seen that the major, contribution to their 
relative chemical shifts is that associated with the high energy n-ºa* 
electronic contributions. Table 2.21 (p. 57-58) shows in greater detail 
the various contributions to a (loc) for nitögen in the two environments. 
The two major contributions to the relative nitrogen chemical shift are 
associated with the 8n+ 13a* and 8n+ 14a* (for A) and the 17n+ 31a* and 
17-)-32a* (for B) transitions. As can be seen, the major factor determining 
the shift is not the change in transition energies but the change in 
magnetic integrals. <r-3> 2p is constant to within 0.5%, changing from 
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2.355 ao3 to 2.349 aö-3 for the isopropyl and fonnyl derivatives, 
respectively, where ao is Bohr's radius. 
The ground state eigenfunction associated with these contributions 
is a localized molecular orbital.. Therefore the 
B<ajZ, 
j a> of o (loc) may, 
be approximated as a single-sum over the orbitals on atom A. Each 
transition gives rise to-only one dominant contribution to the trace of 
the shielding tensor, Qyy for the lower energy transition and a for the 
-n 
higher one (N=e is in the XY"plane). Thus the difference in Qp(loc) for 
nitrogen in A and B may be written'as 
AQp(loc)a 
`- 
13 
8; 1c 8pzC13px)2 
+ ýE 
8ý14 
c8pzC14py)2, 
A 
Z 
17i31C17pzC31px)2 
1 
17+32C17pzý32py 
ý2JB 
(2.1) 
The meanings of the various symbols are' as equation (1.5). From this it 
can be seen that if 
-ý 
[1 
g8->-13C13px) 2+ AE8 14C14py) 
2 IE17-º31C31px) AE 17+3232p '2 
(2.2) 
Then, within the' approximations made, the difference in chemical' shielding 
is proportional to the nitrogen lone pair density. 
From Table 2.20 (p. 55) it can be seen that, generally, there is a 
2 
decrease in the value of. J[2 down each series of molecules from the 
formyl to isopropyl derivatives. It can also be seen that the values for 
the ethyl derivatives do not follow the general trend for the rest of the 
series, the value being lower than expected. This indicates that there 
are significant contributions to QP(loc), other than those shown in 
Table 2.20. 
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The entry in Table 2.20 for N, N -dimethyl ethylamide is not 
complete as there are three dominant n-*a* transitions contributing to 
the screening, the. 20n-*36a* and 20n-ß 37a* transitions being equal as the 
two a* orbitals are degenerate. There is no value given for N, N diethyl 
n-propylamide as the CNDO/S calculation for this molecule did not converge 
when the n-propyl group was coplanar with the N-C=0 group. It did converge, 
however, when rotated 600 out of the plane. 
CcT 2 
Although 
AE 
is not constant for each series its general trend does 
allow for there to be a monatomic relation between 615N and Qn. 
Similarly, a good correlation is found between these quantities for the 
hydrazones, excluding that of the phenyl derivative as shown in Table 2.22. 
Qn can be taken as a measure of lone pair delocalization. Thus, these 
results support the claim that 615N can be used as a measure of the 
barrier to rotation about the N-X bond. In the tables of this chapter, Q, 1 
is taken to be the total electron density in the 2pz atomic orbital while 
Qn is that associated with the non-bonded molecular orbital. The 
correlation between Qn and 615N(exp) for the series of peptide models 
does not appear to be as good as those for the series of substituted 
C *2 
amides, even though is constant. This may be explained by 
observation of Table 2.7. From there it can be seen that the difference 
in the calculated nuclear screening of 15N in the peptide series does not 
have a dominant n->a* contribution to a (loc). 
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TABLE 2.4 
QNJO/S data for 15N in enamines 
Mol Qp(loc) 0-7r 7T ß 
(av) d (calc) d (exp) AG#/Ta) 
KJ mole' 1 
1 -227.54 1.8865 0.3951 99.62 -187.41 -345.8 17.6 
2 -219.54 1.8670 0.4290.107.44 -195.23 -319.5 34.7 
3 -212.40 1.8444 0.4610 114.47 -202.26 -319.0 35.1 
4 -216.90 1.8594 0.4513 101.37 -189.16 -284.0 65.2 
5 -225.63.1.8622 0.4413 109.98 -197.77 -290.5 54.3 
6 -222.97 1.8584 0.4557 103.91 -191.70 -293.5 59.8 
(a) Values taken from Reference 101 
Q-i3, 
,N -X QH3 
Mol X 
1 CH=CH-CH3 
2 CH=CH-CH3=CH2 
3 CH=CH-C6H5 
4 CH=CH-CHO 
5 CH=CH=-CH=CH-CHO 
6 CH=CH-000H3 
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TABLE 2.7a 
H, ,, O 
H 
N-C\ 
R 
CNDO/S data for 15N in N, N diformylamides 
av (a) 
No R Qp(loc) PC-N Q7r QN Q(calc) S(calc) S(exp) 
1H -247.71 0.4918 1.8600 1.1112 79.43 -167.22 -257.6 
2 Me -238.44 0.4814 1.8668 0.9993 88.98 -176.77 -264.5 
3 Et -222.98 0.4770 1.8724 0.9394 104.49 -192.28 -266.7 
4 n-Pr -229.10 0.4777 1.8694 1.0356 98.12 -185.91 -266.0 
5 i-Pr -226.95 0.4779 1.8697 0.8740 100.40 -188.19 -272.4 
60 -208.12 0.4726 1.8676 1.1644 119.07 -207.18 -276.3 
(a) Experimental values taken from Reference 112 
TABLE 2.7b 
Contributions to QP(1oc)15N in N, N diformylamides 
R Q+Q* Q. }7r* 'R')' Q* llo. }Q* no '}'R* I1N-ºQ* 
H -48.15 -24.35 -58.99 -4.06 -20.56 -91.60 
Me -48.10 -22.82 -65.58 -3.92 -18.50 -79.52 
Et -48.40 -25.43 -68.02 -2.72 --6.33 -72.07 
n-Pr -46.51 -19.73 -58.87 -3.94 -18.46 -81.60 
i-Pr -48.82 -19.84 -67.86 -4.09 -18.56 -67.16 
no - lone pair on oxygen atom 
nN - lone pair on nitrogen atom 
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No R 
TABLE 2.7c 
Mew ý0 N-C' CNtO/S data for 15N in N, N'dimethylamides 
Me , 
OP (1oc) PC-N Qrr QN 
av (a) 
Q (calc) d (calc) S (exp) 
1H -248.00 0.5085 1.8351 1.2208 78.53 -166.32 -270.2 
2 Me -243.93 0.4971 1.8432 1.1809 82.87 -170.66 -276.7 
3 Et -235.65 0.4968 1.8442 1.1047 91.16 -178.95 -273.0 
4 n-Pr -233.16 0.4908 1.8471 1.1892 93.73 -181.52 -277.9 
5 i-Pr -230.19 0.4924 1.8466 0.9365 95.86 -183.65 -280.8 
60 -219.77 0.4842 1.8422 1.1589 106.89 -194.68 -273.3 
(a) Experimental values taken from Reference 112 
1 
TABLE 2.7d 
H 
Contributions to crP(1oc)15N in N, Ndimethylamides 
Q-)" Q* ß+? * ,R .* 6* no -º Q* no -*Tr* nN -Y Q* 
-49.14 -27.75 -48.83 -4.36 -23.44 -94.50 
Me -49.32 -27.15 -51.55 -3.61 -21.85 -90.45 
Et -47.52 -25.20 -52.94 -10.51 -19.74 -79.00 
n-Pr -50.82 -20.41 -53.27 -2.17 -16.87 -85.49 
i-Pr -49.80 -22.78 -53.95 -14.11 -17.89 -69.38 
no - lone pair on oxygen atom, 
nN - lone pair on nitrogen atom 
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TABLE 2.7e 
Eta 0, 
N-CS CNDO/S data for 15N in N, N'diethylamides 
Et R 
air (a) 
No R QP (1oc) Pý_N Q7r On a(calc) d(calc) S (exp) 
1H -240.36 0.5162 . 1.8282 1.0684 86.31 -174.10 -243.7 
2 Me -235.46 0.4987 1.8401 1.0681 91.50 -179.29 -244.6 
3 Et -230.04 0.5196 1.8225 0.9000 96.94 -184.73 -251.3 
4 n-Pr -231.89 0.5164 . (b) (b) 95.18 -182.97 -249.8 
5 i-Pr -231.39 0.4904 1.8470 0.9834 95.58 -183.37 -251.3 
6ý -213.44 0.5078 1.8218 0.7979 113.50 -201.29 -247.7 
(a) Experimental values taken from Reference 112 
(b) Values excluded as n-Pr group was not taken to be co-planar 
with rest of molecule 
TABLE 2. '7f 
Contributions to QP(loc)15N in diethylamides 
RQ-, Q* Q-ºTr* Tr ->Q* no->Q* n0 -ºTr* nN-ºQ* 
H -50.94 -30.75 -58.09 -2.82 -20.16 -77.61 
Me -50.49 -31.34 -58.23 -0.98 -15.89 -78.53 
Et -48.47 -31.36 -71.08 -3.66 -16.63 -58.85 
n-Pr (b) ---- 
i-Pr -49.54 -27.98 -62.92 -2.08 -18.25 -70.63 
(b) Values excluded as n-Pr group was not taken to be co-planar 
with rest of molecule 
no - lone pair on oxygen atom 
nN - lone pair on nitrogen atom 
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TABLE 2.7g 
Me, ,A N-C CNDO/S data for 15N peptide models 
H 'R 
No R Qp(loc) PC-N Qrr QN 
(a) 
Qav(calc) d (calc) 6(exp) 
1H -245.25 0.5051 1.8445 1.1846 81.44 
2 Me -240.44 0.4935 1.8523 1.2555 86.53 
3 Et -236.38 0.4894 1.8551 1.2813 90.61 
4 n-Pr -233.46 0.4949 1.8513 1.2431 93.55 
5 i-Pr -234.45 0.4924 1.8542 1.2214 92.62 
6 -220.59 0.4846 1.8523 1.2188 106.33 
(a), Experimental values taken from Reference 112 
-1.69.23 -265.4 
-174.32 -268.7 
-178.40 -271.5 
-181.34 -269.7 
-180.41 -273.4 
-194.12 -275.8 
TABLE 2.7h 
Contributions to aP(loc)15N in peptide models 
R 
Me 
Q-, ß* Q ". 'ºt* 'R"', 
-48.63 -25.84 -50.80 
-48.58 -25.69 -54.29 
Et -47.88 -20.08 -43.91 
n-Pr -47.29 -20.90 -46.21 
i-Pr -43.83 -26.50 -57.01 
no ; Q* no }7r* nN ý Q* 
-4.18 -21.76 -94.04 
-4.22 -20.20, -87.43 
-5.49 -20.42 -99.92 
-5.51 -20.19 -95.38 
-0.86 -24.12 -83.02 
no - lone pair on oxygen atom 
nN - lone pair on nitrogen atan 
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TABLE 2.8a 
13C data for carbonyl carbon in N, N"diformyl amides 
R aP (1oc) Q7T a (av) 6 (calc) 6 (exp) (a) 
H -198.71 0.7940 63.17 8.59 37.0 
Me -200.42 0.7791 61.06 10.70 44.2 
Et -181.80 0.7757 77.92 -6.16 46.7 
nPr -190.45 0.7788 71.23 0.53 45.7 
iPr -195.49 0.7644 65.70 6.06 49.7 
-165.02 0.7965 94.39 -22.63 39.5 
(a) Experimental values taken from Reference 112 
TABLE 2.8b 
13C data for carbonyl carbon in peptides 
R op (loc) QTr Q (av) d (calc) ö (exp) (a) 
H -187.8 0.7970 74.27 -2.51 34.3 
Me -194.06 0.7819 67.49 4.27 43.1 
Et -189.13 0.7825 72.61 -0.85 46.8 
nPr -182.14 0.7819 74.63 -2.87 46.0 
Or -191.71 0.7721 69.70 2.06 49.9 
-162.38 0.7995 97.31 -25.55 40.1 
(a) Experimental values taken from Reference 112 
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TABLE 2.8c 
13C data for carbonyl carbon in N, N dimethyl amides 
R up (1oc) g7r cr (av) S(calc) 6 (exp) (a) 
H -186.74 0.8003 75.29 -3.53 33.2 
Me -191.57 0.7853 69.96 1.80 41.1 
Et -184.23 0.7780 76.50 -4.74 44.2 
nPr -182.07 0.7789 77.94 -6.18 43.7 
Or -180.67 0.7706 79.33 -7.57 47.1 
-161.59 0.8043 97.79 -26.03 41.9 
(a) Experimental values taken from Reference 112 
TABLE 2.8d 
13C data for carbonyl carbon in N, N'diethyl amides 
R Qp (loc) Qn a (av) 6 (calc) 6 (exp) 
(a) 
H -179.66 0.7987 82.97 -11.21 33.3 
Me -183.29 0.7872 78.31 -6.55 41.6 
Et -175.49 0.7824 84.61 -12.85 43.6 
nPr -178.38 0.7894 83.06 -11.30 43.3 
iPr -183.95 0.7680 77.41 -5.65 47.2 
0 -160.92 0.8034 98.56 -26.80 42.1 
(a) Experimental values taken from Reference 112 
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TABLE 2.10 
CNDO/S 15N data for thioureas 
Molecule Qp(loc)P Qp(loc)D pIN QTr Q(av) 6 (calc) 
A N1 -243.66 -243.57 0.7187 1.7638 86.36 -174.15 
N2 -259.58 -259.44 0.6734 1.7638 67.48 -155.27 
B N1 -245.36 -245.30 0.7071 1.7648 81.49 -169.38 
C N1 -267.01 -267.01 0.6946 1.7193 60.10 -147.89 
N2 -229.98 -229.90 0.6842 1.7906 97.45 -185.24 
D N1 -251.75 -251.87 0.6917 1.7758 75.51 -163.30 
E N1 -242.20 -242.13 0.7050 1.7809 91.72 -179.51 
N2 -236.59 -236.42 0.6827 1.7781 85.19 -172.98 
F N1 -255.18 -255.11 0.6762 1.7398 71.38 -159.17 
TABLE 2.11 
QdDO/S 13C data for carbonyl carbon in ureas 
Mol Qp (loc) Qr a (av) 6 (calc) 
A -172.75 0.8171 87.09 -15.53 
B -180.67 0.8150 79.63 -7.87 
-173.98 0.8138 86.34 -14.58 
D -184.62 0.8055 75.54 -3.78 
E -177.53 0.8087 82.72 -10.96 
F -176.23 0.8220 87.84 -16.08 
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TABLE 2.12 
C1JO/S 13C data for thionyl carbon in thioureas 
I 
i, idl QP(1oc)P QP(loc)D Qa Q(av) d(calc) 
A -222.09 -222.23 0.7096 35.41 36.35 
B -221.68 -221.83 0.6782 36.36 35.40 
C -227.74 -227.88 0.7065 29.54 42.22 
D -234.06 -234.22 0.6417 25.30 46.46 
E -224.22 -224.36 0.6487 35.28 36.48 
F -216.35 -216.48 0.7054 40.48 31.28 
Ureas and Thiorureas 
(Key to Tables 2.9 - 2.12) 
Mol R, R ,, 
RI, ý (S) 
. N-C\ ýR4 
R2 
R3 
A Me Me H Me 
B Me HH Me 
C Me Me HH 
DHHHH 
EHHH Me 
F Me Me Me Me 
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TABLE 2.13a 
CH3 
ols CNDO/S 15N data for thioamides , N-C, 
CHa R 
R_ QP(1oc)P QP(1oc)D pCN Qrr QN Q (av) 
H -254.84 -254.76 0.8121 1.6482 0.9855 71.87 
Me -258.92 -258.72 0.7710 1.6655 0.9845 68.17 
Et -243.00 -242.89 0.7491 1.7032 0.6571 83.67 
n-Pr -247.87 -247.74 0: 7856 1.6510 0.9575 78.72 
i-Pr -252.99 -252.87 0.7933 1.6586 1.0395 73.54 
-248.45 -248.34 0.7639 1.6677 0.7310 78.05 
TABLE 2.13b 
COO/S 13C data for thionyl carbon in thioan: ides 
CH , 
N-C 
S 
CHs R 
R QP(loc)P QP(loc)D Qý Q(av) 
S (calc) 
H -219.89 -220.00 0.5696 38.44 33.32 
Me -237.66 -237.86 0.6686 20.81 50.95 
Et -219.14 -219.34 0.5890 39.75 32.01 
n-Pr -220.73 -220.92 0.6641 37.41 34.35 
i-Pr 
. -222.36 -222.53 
0.5979 35.80 35.96 
-207.26 -207.41 0.6669 52.48 19.28 
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TABLE 2.21a 
,O ry CNIDO/S contributions to QP(1oc) 15N in 
ýN-C 
H`I Hx 
Transition 
ij 
36 -ý- 136*" 
3a -> 14a*' 
4a+ ý10Tr* 
4a 13a * 
4a + 14a* 
4a -º15a* 
5Q }13a* 
5a' 14a* 
6Tr -ý 13a* 
6Tr -ý 14a* 
6Tr -º15a* 
7a ý 10Tr* 
7a -º12a* 
7a' -º13a* 
7a -ý14a* 
8nN 12a* 
8nN 13a* 
8nN; 14a* 
8nN -º15cr* 
9n0 107T*' 
9n0 -º13a+ 
E /eV /eV eýc up yy uiz 
27.28 
27.26 
15.32 
22.71 
24.89 
29.23 
20.67 
21.48 
16.60 
17.07 
22.38 
8.59 
15.71 
18.42 
18.51 
9.99 
11.62 
13.07 
18.60 
3.73 
13.96 
I 
-10.95 +2.06 
-8.97 
-18.99 
-70.44 
-38.43 
-12.83 
-6.20 
-17.06 
-31.53 
-97.70 +0.97 - 
-9.88 +2.81 - 
-8.71 -44.81 - 
-9.39 
-3.30 
+7.62 
-28.60 -0.30 - 
-0.43 -148.09 
-95.11 -1.04 
+5.22 -3.21 - 
-64.65 +2.99 - 
-12.89 
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TABLE 2.21b 
Hý 
CNDO/S contributions to QP(loc) 15N in % 
//0 y 
N-C, _. . H 1- Pr x 
Transition 
ij AE i7 
/eV Qý ayy ýzz 
5Q -ý, 32Q* 31.30 
7a -º197r* 16.15 
7a -*. 31a* 22.95 
8a -+32a* 24.01 
97r + 31a* 22.30 
97r + 32a* 23.24 
10a + 31a* 21.61 
10a + 32a* 22.32 
12a + 197r*- 10.23 
12a + 31a* 19.30 
137r + 29a* 16.43 
137r + 31Q* 17.27 
137r + 32a* 18.37 
14a 197r*. r 
9.27 
14a 24a* 15.05 
167r + 24a* 14.00 
167r 31a* 16.31 
167r + 32a* 17.44 
17nN + 24a* 12.16 
17nN + 31a* 12.08 
17nN -> 32a* 13.57 
17nN + 33a* 18.24 
18n0 + 197r* 3.83 
18n0 + 31a* 13.44 
-8.14 
-14.74 - 
- -44.67 
- -28.28 
-0.03 -5.48 
-0.05 - -15.84 
-0.01 -9.92 - 
-19.22 +0.21 -0.02 
-12.48 -13.00 - 
- -0.09 -7.40 
-7.51 -0.30 -0.07 
+0.02 -41.31 -0.06 
-45.38 +0.22 +0.20 
+0.63 -13.02 - 
-0.13 -0.02 -6.71 
-6.79 +1.28 -0.05 
+0.04 -35.89 -0.12 
-29.47 -0.12 - 
-15.39 -0.66 - 
-0.14 -112.84 -0.03 
-64.26 -0.31 - 
+5.74 -2.76 - 
-56.48 +1.14 - 
-0.11 -11.74 
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. -, Mol 
. UP 
(loc) PN_N OJT QN a (av) d(calc) 6 (exp) 
30 Ni, -374.02 
N2 -209.58 
31 Ni -369.70 
N2 -207.36 
32 NI -363.76 
N2 -202.44 
33 Ni -355.19 
N2 -206.00 
35 Ni -314.95 
N2 -178.92 
37 Ni -368.41 
N2 -213.33 
38 Ni -360.33 
N2 -210.75 
TABLE 2.22 
Q'IDO/S data for 15N in hydrazones 
0.2787 1.1744 1.0529 92.92 -180.71 -274.8 
0.9201 -47.53 -40.26 -19.4 
0.2795 1.1717 1.0484 95.19 -182.98 -275.8 
0.9220 -43.25 -44.54 -20.9 
0.2790 1.1726 1.0480 96.42 -184.21 -275.4 
0.9210 -37.43 -50.36 -19.0 
0.2697 1.1940 1.0393 96.74 -184.53 -273.3 
0.9044 -28.38 -59.41 -23.5 
0.3152 1.1494 0.6117 114.27 -202.06 -269.7 
0.9555 11.50 -99.29 -20.2 
0.2309 1.2345 0.8738 108.01 -195.80 -282.5 
0.8693 -41.77 -46.02 -22.5 
0.2316 1.2322 0.8684 109.76 -197.55 -283.8 
0.8711 -33.68 -54.11 -14.5 
(a) Experimental values taken from Reference 101- 
A. 
NbI XY 
Me 
ý 
Me_ C -X I 
Y 
30 
31 
32 
33 
35 
37 
38 
Q33 
C2H5 
-n-C3H7 
i-C3H7 
C6H6 
CH3 
QH3 
H 
H 
H 
H 
H 
CH3 
C2H5 
(a) 
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TABLE 2.23 
15N data for nitrosamines 
Molecule QP(1oc) PN_N Qr. Q(av) 6 (calc) 6 (exp) 
(a) 
1 N1 -296.79 0.4125 1.8651 29.62 -117.41 -143.2 
Ni -533.25 0.8957 -206.46 -118.67 159.8 
2 Ni -299.37 0.4081 1.8655 28.46 -116.25 -118.8 
N2 -570.20 0.9007 -246.45 158.66 162.1 
3 N1 -288.44 0.4071 1.8658 39.34 -127.13 -122.7 
N2 -532.05 0.9048 -208.43 120.64 166.0 
4 Ni -284.51 0.4135 1.8627 42.19 -129.98 -103.7 
N2 -498.37 0.9089 -172.54 84.75 169.5 
7 Ni -287.42 0.4104 1.8674 38.98 -126.77 -117.8 
N2 -493.86 0.8925 -167.48 79.69 159.2 
12(Z) N1 -284.95 0.4078 1.8662 42.69 -127.25 -133.6 
N2 -513.01 0.9040 -189.27 . 
92.95 164.0 
12(E) N1 -288.13 0.4103 1.8656 38.60 -- 
N2 -512.66 0.8884 -178.47 -- 
16(Z) N1 -279.71 0.3802 1.8847 47.00 ' -134.79 -150.1 
N2 -483.13 0.8821 -157.20 69.41 164.2 
16(E) N1 -256.72 0.4142 1.8707 70.12 -157.91 -145.1 
N2 -406.46 0.8352 -79.16 -8.63 168.5 
19(Z) N1 -298.07 -0.4074 1.8659 29.70 -125.80 -121.1 
N2 -568.57 0.9027 -244.78 -134.73 161.4 
19(E) Ni -281.29 0.4047 1.8572 46.32 -- 
N2 -539.37 0.9082 -200.25 -- 
(a)-Values taken from Reference 101 
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TABLE 2.23 
15N data for nitrosamines (contd) 
Molecule R 
1 
2 
3 
4 
Rý 
u-t, t _aý a"ý 
R'  0 
12 (Z) 
12 (E) 
16 (Z) 
16(E) 
19 (Z) 
19 (E) 
CH3 
C2H5 
n-C3H7 
i-C3H7 
CH2 
I 
CH2 
CH3 
n-CyH9 
CH3 
R1 
QH3 
C2H5 
n-C3H7 
i-C3H7 
QH2 
I 
Qi2 
n-C4H9 
QH3 
CH2CN 
CH2CN CH3 
C2Hs CH2CH2CH 
CH2CH2OH C2H5 
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TABLE 2.24. 
Ri ,Y 
CNDO/S value of AEav/eV for molecules R2 -X 
15N data 
XABCDE 
H 18.42 19.25 19.79 20.26 19.26 
Me 19.13 19.62 19.93 20.64 18.79 
Et 20.42 19.95 21.07 21.22 19.96 
n-Pr 19.90 20.10 20.92 - 19.74 
i-Pr 20.10 20.24 20.42 20.99 19.31 
21.84 22.51 22.15 - 19.57 
13C data for carbonyl (thionyl) carbon 
XABCDE 
H 27.64 29.27 30.39 30.61 25.97 
Me 28.28 29.23 30.36 30.95 24.45 
Et 31.19 29.99 30.77 30.96 26.26 
n-Pr 29.77 29.59 31.58 - 25.86 
i-Pr 29.04 29.49 31.34 30.74 25.54 
34.78 34.37 35.78 - 27.83 
Series R1 R2 Y 
AHH0 
B Me H0 
C Me Me 0 
D Et Et 0 
E. Me Me S 
ANILINES AND ENAMINES (CNDO/S DATA) 
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FIG 2.8 t3C CN DO/S DATA FOR AMIDES 
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CHAPTER 3 
SOME CALCULATIONS ON MJLECULES CONTAINING 
SEODND-ROIV NUCLEI 
69 
3.1 INTRODUCTION 
There is considerable interest in the role played by the 3d 
150 
orbitals in the bonding of molecules containing second-row atoms. 
Attempts to obtain information about this participation have, been made 
using NMR spectroscopy, notably in the possible existence of pir-dTr back 
donation151. As mentioned in Chapter 1, the inclusion of d orbitals 
into a basis set causes problems for semi-empirical theories. This 
inclusion has also been the main factor in hindering the progress of a 
reliable ab-initio method for calculating the chemical shift of these 
nuclei. These calculations become expensive in computer time because of 
the need for an extended basis set for the 3d orbitals and inner shell 
orbitals. The largest basis set so far used has been by Kiel for PH3152. 
He used the coupled Hartree-Fock method153 including 92 primitive 
Gaussian type orbitals and 83 contracted basis functions. Ridard154 
made similar calculations on SiH4, PH3, SH2 and CQH. He used a smaller 
basis set and represented the effect of the inner shells of the heavy atom 
by a pseudo potential. Holler155 performed coupled Hartree-Fock 
calculations on NaH, MgH2, ARH3, SiH4, PH3, SH2 and CQ. H. In his paper he 
discussed the possibility of using a 'best'" gauge for these gauge 
dependent calculations. The only calculation which appears to have been 
made using GIAOs is that of Pullman150. There are also ab-initio values 
157 158 159 160 
available for the diamagnetic parts of Cý, H , SH2 , S02 , PH3 , 
2161 and OCS 
161. Flygare162 has used the atom dipole method to 
calculate the diamagnetic shielding of CR, H, SH?, S02, PH3, CR, CI4, CAF 
and OCS. 
Semi-empirical methods suffer from an ambiguity of choice for the 
3d, orbital exponent and hence the value of <r 3>3d. Self-Consistent Field 
1633 
calculations on atoms show that <r-3> 3p is about two orders of magnitude 
70 
greater than. <r-3>3d. This does not indicate, that the 3d orbital 
contribution to ap is also two orders of magnitude smaller than that 
from the 3p orbital. It has been shown166 that <r-3>3d increases on the 
removal of an electron from a neutral atom. A similar effect has been 
noticed in molecules where the atom is bonded to a highly electronegative 
atom167. A discussion of this contraction of the 3d orbitals,. is given by 
Coulson168. Also, the maximum possible value of, d-cont (see Section 3.2) 
is greater than that of p-cont169, and so even small values of <r; 3>3d 
may lead to large contributions to. the shielding. 
Early semi-empirical calculations were performed by Gutowsky and 
Larmanl70, based on the theory of Karplus and Das171 . 
"Their results 
showed the same trend as the'experimental values for molecules of the 
172 
type PX3. They were followed by Van Wazer who developed a theory 
which related ä31P to the electronegativity of the substituents. This 
theory has also been used to calculate d29Si173. Purdella174 used the 
concept of 'magnetic configuration' 
175 
to derive a 'Ramsey-type expression 
for 31P shielding in molecules with a symmetry higher than C. From 
this theory he derived a relationship between the X-P-X bond angle and 
631P. He also derived a similar relationship for 6"C176. The bond 
angle relationship for phosphorus has been used by Gorenstein177 to refute 
Grant and Cheney's polarization theory178 of the origin of the y shift. 
The y shift is the shift induced in the resonance of a nucleus by 
substitutions made on atoms two bonds 'way from that nucleus. 
Gorenstein179 also believes a linear relationship exists between Q'DO/2 
electron densities and 631P for certain phosphorus esters. The evidence 
he supplies for this is not wholly convincing. Similar relations have 
been obtained for 635Cp 
80. Calculations of 695C9, using the theory of 
181 Karplus and Das, have been published. 
71 
Calculations based on Pople's method have been performed both with182 
and without183 the AEE approximation. For 29Si the main interest is 
centred on calculations of the 'hanging chain' pattern'84 of S29Si with 
substituted electronegativity, in the series Y4_nS1X . This pattern has 
been reproduced by AEE182 and also SOS183 methods, using Q'll)O/2 wave- 
functions, although the latter is believed to be more reliable185. Wolff 
and Radeglia186 have claimed that they obtain better results by 
neglecting the d orbitals, than by including them. One reason for this 
might be the non-rigorous treatment of the 3d exponent. Another may be 
their use of Jameson's169 3d angular momentum matrix elements, combined, 
with CNDO/2. Jameson's expressions for dxydyZ are the dy2, dx 
38 
expressions, respectively, used by Pople in CNDO/2 . Radeglia and 
Wolff do not appear to have calculated the, individual elements of the 
screening tensor, or the screening of other atoms in the molecules 
considered., Thus they could not use symmetry to check their results. 
Rajzman187 used Pople's SOS method with CNDO/S wavefunctions, including 
3d orbitals, to calculate S31P. He used <r-s> 3d as an adjustable 
parameter to fit the theoretical to the experimental data. In a later 
paper188 he performed further calculations of 631P, also using Pople's 
SOS method. The eigenfunctions for these-latter calculations were 
provided by the CNDO/S method with the orbital exponents for phosphorus 
taken as a function of the electronegativities of the substituent atoms. 
These exponents also contain an empirical factor which can be varied 
from molecule to molecule, so as to improve the correlation between the 
calculated and experimental values of 631P. 
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3.2 METHOD 
For this chapter, it is useful to define certain auxiliary functions 
which may help in the interpretation of the results of the shielding 
calculations. Examination of equation (1.5) indicates that it may be 
written in-the following form for second-row nuclei 
Qp(1oc) = <r-3>3p p-cont + <r 3>3d d-cont 
where 
uo 2e2r, 2 oýc Lmýcc('EýO)-Ek(O))-1 
p-cont =- 
47r M2 I 
AB (C(O) (°) 
_ 
(0) (0)l(°) (°) 
_ 
(O) (°)l 
X 
uýv 
B 
XýQ J 
ývk ývj ýuk Jýaj 
C(O)C(D) C(O)C(O)) ýak 
J 
<UILaIv> <AILßjo> (a, A =. p and d orbitals) 
Here p and v are 3p orbitals on atom A. For d-cont, p and v are 3d 
orbitals. Splitting the expression for o (loc) up like this allows for 
variations to be made to <r-3>3d, such as using it as a variable parameter 
for fitting calculated to experimental chemical shift values. These 
expressions should not be confused with those of Ionin1ß9 who uses an 
expression based upon that of Karplas and Das171 . Thosec my include 
orbitals from the atom A in the sum over all atoms. 
Initially, <r 3>3p and <r-3> 3d are taken to be equal. Use of 
equation (1.9) to calculate <r-3> from Slater atomic exponents gives values 
an order of magnitude smaller than those obtained theoretically by 
Whiffen190, using Hartree-Fock SCF atomic wavefunctions, and experimentally 
by Smith and Barnes191 from spin-orbit splitting data. The diffuseness of 
the Slater functions indicated by this has been noted elsewhere192. For 
this work, the values of <r-3> calculated from equation (1.9) are. multiplied 
by a factor of ten so that the values of <r 3> currently employed are of 
73 
comparable magnitude to those of Whiffen. The modified Slater's rules 
(equation (1.10) were retained to give ý3p a dependency upon electron 
density. 
The standard geometries of Pople77 do not include elements from 
the second-row of the Periodic Table. Thus, throughout this chapter 
the molecular geometries used were obtained from Tables of Interatomic 
Distances193, unless otherwise stated. For the "Si containing molecules 
those of type SiX4 were taken from Reference 193, but those of SiX4-n n 
were obtained by substituting a Si-Y for a Si-X bond and keeping the 
molecular` symmetry tetrahedral. The anion geometries of ortho- and meta- 
phosphoric acids were derived from the neutral acid molecular geometries 
194 by a stepwise removal of hydrogens, . as used by McAloon and Perkins. 
As for the first-row elements, ad(loc) appears to vary only slightly 
for the molecules studied, as shown in Table 3.1 and 3.3 (p. 88 and p. 90); 
the variation appearing smaller than that for first-row nuclei. This is 
reasonable, as ad(loc) is proportional to <1/r> and the electron density. 
As <1/r> is smaller for second than for first-row nuclei, the change in 
ad(loc), originating from the change in electron-density-, -. it-diminished 
For 31P the range is about 4 ppm from 949.88 for PFS to 953.99 ppm for 
PMe3. The value of 993.60 ppm for 0PS33- may be explained by the non- 
convergence of the molecular orbital calculation. This may be related to 
the presence of four second-row nuclei in the molecule. As discussed in 
the next section, calculations containing more than one second-row 
nucleus can give unsatisfactory results. For "Si the range is from 
866.46 ppm for SiF3H to 867.90 ppm for SiMe3Et. The values for the 
chlorine derivatives are excluded for reasons given in the next section. 
It would have been instructive to compare the calculated change in ad(loc) 
with the measured change in ESCA (Electron Spectroscopy for Chemical 
74 
Analysis) binding energies195. These two quantities have been shown to 
be linearly related by Basch196. Comparisons have been made by Jallali- 
Heravi197 for first-raw nuclei. However, for second-row nuclei there 
appear to be a limited number of values for the binding energies=available 
198 
and these seem tobe prone to. systematic error's. 
The contribution to the chemical shift from non-local terms also 
appears small in comparison to that of c (loc). For both "Si and 31P 
d 11 
the contribution from a(nonloc) is less than 1 ppm, whilst for 31P that 
from a (nonloc) is about 3 ppm. For 29Si this contribution is generally 
less than 1 ppm. 
I 
3.3 29Si NUCLEAR SHIELDING 
Silicon containing compounds are making increasingly important 
contributions to the chemical industry. For instance, silicones and 
silicates are found in rubbers and glues. Also, with the use of silanes 
as catalysts or additives to catalyst systems, improved methods both of 
basic physical investigation into the chemistry of silicon and of 
routine characterization of compounds are needed. One method which has 
the potential of providing information in both of these areas is 29Si NMR. 
Early papers in "Si NMR were published by Lauterbur in 1956199 and 
1962 2, but it was not until-the work of Hunter and Reeves in 1968201 
that a great interest in this field was provoked. Since then there have 
been many publications; these have been accompanied by several useful 
reviews, for example, Schraml and Bellama202, Marsman203, Williams and 
204 205 Cargioli and Harris et a1. 
29Si is the only one of the three stable isotopes of silicon to have 
.a non-zero nuclear spin. 
The value of } for the nuclear spin quantum 
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number for 29Si was established from a '9F NMR study of SiFk206. 
29Si has a. low-natural abundance (4.7%) and low-: ' sensitivity 
(7.8 x 10-3208 wrt 1H), and this was associated with the early 
difficulties in obtaining spectra by continuous wave methods. ' The 
use of Fourier Transform pulsed spectrometers has, to a'large-'extent, 
alleviated this problem210. One other problem with 29Si is that it has 
a negative magnetogyric ratio (y'i -5.314x 10-1 rad T'second-1211 
This indicates the presence of a negative Nuclear Overhauser Effect 
(NOE)212. For proton decoupled spectra this can lead to a maximum 
increase in signal intensity of -1.5/1.0 (an inverted signal 50% stronger 
than the proton coupled one). However, it can also lead to a smaller 
percentage increase in signal intensity or even nulling of the signal 
into the base line. The NOE may be suppressed in FT NMR by interrupted 
or pulse-modulated decoupling213, or by the use of a paramagnetic 
214 
relaxation agent. 
According to the belief that the chemical*shift'range of a nucleus 
increases with its nuclear charge, 29Si should have a larger range than 
13C. This appears not to be the case and may be attributed to the 
greater diversity of the molecular environments for carbon so far 
encountered with respect to those of silicon. Nevertheless, measured 
29Si chemical shifts cover a range of about 400 ppm, with values varying 
from (Me3Si')-Ig, 6Si = +60.2215 or +64.0216, to Si14,6Si--34S. 2217 or 
-351.7218 (all values with respect to TMS). This range indicates that 
the dispersion of 6 values arising'from'structural effects is considerable, 
and thus 629Si measurements may be useful in determining molecular 
structure. 
The only ab-initio calculation of the shielding of 29Si appears to 
154 have been performed on SiH4. There have been many attempts at 
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approximate theoretical calculations of S29Si. As mentioned in Section 
3.1, these have been mainly aimed at reproducing the 'hanging chain' 
pattern of the series of molecules, ) 1SiYn_4. 
Although the methods 
using Pople's theory both in the AEE182 and-SOS183 formulation have 
claimed some form of success in reproducing this pattern, it must be 
remembered that in all cases an extra, adjustable parameter was added., in 
order to reproduce these data. Thus it is not clear as to whether Pople's 
theory without such a factor is able to reproduce this pattern. In this 
work calculations were performed without an adjustable factor. The 
values of the various quantities which are open to subjective 
interpretation were fixed beforehand. The results obtained using (NDG/S 
wavefunctions are shown in Table 3.1 and Figure 3.1 (p. 98). 
Figure 3.1 shows that the 'hanging chain' has not been reproduced 
by the CND3/S calculations. A possible explanation for this may be 
obtained from Figure 3.2 (p. 99). Here the calculated chemical shifts 
are plotted against the experimental cues. From this it can be seen 
that there are two distinct sets (A and B) with different correlation 
lines. The one (A) in which the calculated trend is opposite to that of 
the experimental one is that in which the substituents are H, Me and Et, 
whilst the other (B) where the trends do coincide, contains F, 014e and 
NMe2 as substituents. It is the latter set which are experimentally 
found to exhibit the 'hanging chain' pattern, whilst the former 
correspond to, additivity relationships for substitution, as does 613C. 
This may be interpreted as evidence to support the belief that per-der back 
donation is an important contributory factor to 649Si in some 
circumstances. For set A, all contributions to the shielding arise from 
o-rQ* transitions. For 613C in molecules containing only first row atoms, 
it. has also been shown that bad correlations exist between (NDO/S 
f 
(ýIý 
fýg 
I 
calculated. chemical shifts and experimental ones. One possible explanation 
77 
ý 
for this is that INDO/S is parameterized to reproduce the energies of 
transitions in systems containing Tr electrons and that it does not give 
as-good a reproduction of these in o bonded systems. Table 3.2 (p. 89) 
shows CNDO/2 calculations of S29Si from this work. These results? 
exhibit opposite- cortel4tions to those from - CNDO/S- _ -This ý=is further 
evidence ; to . indicate -that -CI' 
/2 
. 
does not reproduce physical properties - 
of:: 7c bonded=systems well. 
Using this argument, the positive slope for set B may indicate the 
presence of ff bonding in its constituent molecules. This would arise 
from p7r-dlr back donation between the silicon and the nominally lone pair 
electrons on the substituents. 
An interesting comparison may be made between the values of ap from 
p-cont and d-cont. For CNDO/S the difference between these is up to 
about 10 ppm, whilst for the CNDO/2 values the difference is about 200 
ppm. This may arise from the over-estimation of the 3d orbital 
contribution to molecular orbital calculations in CNDO/2219; a comparison 
of the 3d electron density (Q3d) between the two methods gives an 
indication of this. It may also account for the apparent success of 
using adjustable parameters with CNDO/2 wavefunctions to reproduce 
experimental 629Si. 
Calculations were also performed to observe the effect of altering 
the QNIDO/S parameter set. Sauer suggested220 from optimization of the y 
and ß parameters to reproduce photo-electron data that YSi = 5.5 eV and 
$Si = -4.0 eV may be an improvement on those listed in Chapter 1. Thus 
calculations were performed using these values; they are presented in 
Table 3.4 (p. 92). As can be seen, these changes do not greatly affect 
the chemical shift trends, although they do alter-the values of the 
nuclear screening. 
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All of the molecules so far mentioned have only contained one 
second-row atom, ' silicon. - In this work, calculations on molecules 
containing Ci. in addition to'Si-were performed. The results for the 
series Silly-'SiCQ4 are shown in Table 3.5 (p. 92). It is seen that for 
the molecules containing more than one chlorine atom the paramagnetic 
contribution to the shielding appears to be grossly over=estimated. The 
factors contributing to this have not been isolated yet', but it is 
believed that they may be in some way related to the parameterization of 
the (LIDO/S method. This effect is not noticed in the CNDO/2 calculations 
performed, as shown in Table 3.5. :A similar phenomenon-has been'-. -. - 
noticed in other molecules containing two or more chlorine atoms. 
3.4 31P NUCLEAR SHIELDING 
Phosphorus-31 is known as one of the "common" NMR nuclei. It has 
100% natural abundance, high NMR sensitivity (6.6x 10-2 wrt H1221) and a 
positive magnetogyric ratio (y31P = 1.085 x 10-6 rad T-1 sec-1222). 
Known 31P chemical shifts cover a range of-about 700 ppm from +461 ppm 
to -250 ppm223; both of these with respect to external 85% solutions of 
H3PO4, as are all 631P values quoted in this work, unless otherwise 
stated. There exist several early compilations of 31P data224, yet the 
subsequent large volume of literature appears to have deterred the 
production of any recent comprehensive reviews. However, there does 
exist a modem critical review of the use of 631P in studies of 
225 
biological reactions. 
There have been many attempts to establish empirical relationships 
between 631P and such molecular quantities as bond angles177, torsional 
177 
angles or electron densities179. Yet there appear to have been few 
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attempts at theoretical interpretations. Of these, the most important 
semi-empirical studies appear to have been of Rajzman et al187,188,226 
and those based on the theory of Van Wazer et al172. The latter obtained 
an expression for 31P which was a function of bond angle , 'substituent 
electronegativity and degree of 71 bonding of the 31P to the substituent. 
Rajzman performed calculations using Pople's SOS method together with 
eigenfunctions and eigenvalues obtained from a variation of the UNDO/S 
method. In his work he has used <r 3>3d187,8226 and the phcsphorus 
orbital exponents188 as adjustable parameters to fit calculated values 
for 631P to the experimental ones. Pullman et al'56 have performed some 
self-consistent field (SCF) calculations employing GIAD. These will be 
discussed later-in this section. There also exist three ab-initio 
calculations of the 31P shielding in PH3152,154,155 
3.5 CALCULATION OF 31P SHIELDING 
To test Pople's SOS method on 31P, an assortment of molecules was 
chosen which represents a large chemical shift range for the 31P nucleus. 
The results obtained from this work using CNDO/S wavefunctions are shown 
in Table 3.3 and Figure 3.3 (p. 100). As with the 29Si results: (shown in 
Figure 3.2), -the predicted trend of 631P in molecules containing only H, 
Me or Et as substituents is opposite to that of the experimental trend. 
For molecules containing the P=O bond the correlation between the 
calculated and experimental values for S3 1P does not appear to be very 
good. One contributory factor to this may be the treatment of the 3d 
exponent. As shown in Table 3.3, the magnitude of d-cont for these, 
molecules is very large compared to that of molecules containing only H, 
Me or Et as substituents. This indicates that the relative chemical 
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shifts of P=O containing molecules can be very sensitive to the choice 
of ý3d' 
For molecules not containing PO but having fluorine as a 
substituent, the slope of the correlation between calculated and 
experimental values of d31P is nearly zero. Not only does this indicate 
an insensitivity of the calculations but also a different type of 
correlation than that for molecules containing only H, Me or Et as 
substituents. As for 29Si, this may be taken as an indication of the 
presence of pIr-d7r back donation. 
The SCF calculation for OPS33- did not converge and this may explain 
its anomalous position on Figure 3.3 (p. 100). No results for chlorine 
containing molecules are reported in Table 3.2 as the value of op(loc) 
appears to be over-estimated by the method used; the same is true for 
29Si. For example, the predicted value of 6S1P for P(OMe)CR, 2 is 
1131.01 ppm, compared to the experimental value of -180 ppm227. 
By putting r3d= 43p the d orbital contribution to molecular 
properties is'maximized for the molecular orbital method, keeping the 
other parameters constant. A comparison between the 3d electron 
densities (Q3d) computed in this work, and those computed by Raj =an 
using his variation of CNDO/S, shows that this work predicts much smaller 
values than his. For example, PMe3: Q3d 0.0108(0.531) and OPMe3: Q3d 
0.1228(1.310); Rajzman s187 figures appear in brackets. His variation 
of CNDO/S is an extension of the CNDO/2 program28 whilst that used in 
this work'is an extension of the CNDO/S program, QCPE 17474. The 
difference in results is associated with the disparate numerical methods 
used in each program; the parameters are the same in each case. Despite 
this,: 'the results for d29Si and 631P in this chapter and those for the 
change of sensitivity of shielding with respect to geometry in Chapter 5, 
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suggest that the inclusion of , 3d orbitals in the method used in this work 
can play an important role in the calculation of shifts for second-row 
nuclei. The main difference between the two methods is the way in which 
the energy matrix for the SCF calculations is set-up. For the CNDO/2 
based program, this matrix is taken from an Extended HUckel Theory228 
calculation. The CNDO/S method used in this work employs the atomic 
valence shell electron density to start the iteration cycle. 
A comparison of the method used in this work with the CNDO/2 method 
is afforded by the work of Qorenstein179. He calculated the total 
phosphorus electron density in the dimethyl phosphate anion (Dim) as a 
function of the angles w and w' (as defined by Pate1229) and also as a 
function of the (Me)-O-P-O-(Me) bond angle. He was interested in showing 
that 631P is related to the bond angle and electron density. This work 
was inconclusive, and as mentioned in the previous chapter, correlations 
of this type should be thoroughly investigated before use is made of 
them. Despite-this, his electron density results provide an opportunity 
to compare results from this work with those of his. This comparison is 
shown in Figure 3.4. - The (NDO/2 results of this work predict a greater 
electron density than those of. Gorenstein. This possibly is to do with 
the choiceýof geometry; he does not mention clearly which geometry he 
used. The present work uses the geometry (a) given by Pul? mari56 for the 
gauche-gauche isomer. The trend between the two sets of CNDO/2 results 
is similar. The CNDO/S results also reproduce the C DO/2 trends, but 
with a greater scatter. This perhaps is associated with CNDO/S being 
parameterized to reproduce transition energies, not ground state 
properties. The total electron densities predicted by (NDO/S are lower 
than those of (NDO/2, possibly related to the larger 3d electron density 
generally obtained from (NDO/2 than from this form of INDO/S (Table 3.6). 
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Another set. of calculations on IMP- has been made by Pullman et 
a1156. These are concerned with predicting the difference in shielding 
between the gauche-gauche (gg) and gauche-trans (gt) isomers of DMP-. 
This information could be used as a"model to aid studies of the 
population of the gg isomer in polynucleotides. Pullman's calculations 
used eigenvalues and eigenfunctions derived from the GAUSS 70 program 
230 
together with a GIAO calculation of nuclear shielding231. The CNDO/S 
calculations from this work are compared with those for the gg and gt 
isomers (geometries (a) and (b), respectively, of Pullman's paper). As 
can be seen from Table 3.7, Pullman predicts that the gg isomer will be 
more shielded than the gt isomer by 6.5 ppm, whilst the CNIX)/S results. 
suggest the opposite, the gg isomer being less shielded than the gt 
isomer by 6.9 ppm. The CNDO/2 calculations of the current work are 
consistent with the CNDO/S prediction. Further CNDO/S calculations 
using a variable ý also fail to reproduce Pullman's results. 
It is interesting to note that, as with Pullman, LIDO/S predicts 
that 31P in P04H2_ is more shielded than in either of the two DN1P 
isomers. The geometry used for calculating the shielding of this 
molecule differs from that used-by Pullman, as it is taken from a series' 
of calculations on phosphorus acids. Pullman retained the same PO 4 
geometry for both the DMP gg and PO4H2 gg ions. The geometry used for 
the CNDO/S calculation is taken from McAloon and Perkins194 
It is interesting to compare the Q'DO/S calculated values of nuclear 
screening with other calculated values, and also with those obtained from 
experiment. Table 3.8 shows a comparison between the CNDO/S`values of 
this work, the pseudo-potential calculations of Ridard154 and Höller's155 
'best gauge' results. The trends in a(tot) for CNDO/S is opposite to 
that of Höller's work. It can also be seen from Table 3.8 that the 
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correspondence for-first-row hydrides is bad. This may be'connected 
with the apparent failure of the CNDO/S method to account for nuclear 
shielding in -a., bonded molecules. 
From spin-rotation constants, a value for up for 31P in H3PO4 has 
been obtained; Deverell232 combined this with a diamagnetic value of 
1000 ppm, to give a total shielding of 320 ppm. Similarly, a value of 
360 ppm is obtained for 31P in OPF3. Although the relative 31P chemical 
shift between these molecules is well'reproduced by cNDO/S calculations, 
the total shielding values are not; these are calculated to be 728.98 
and 720.10 ppm, respectively. Hilbers233 suggests that 631P in diester 
phosphate anions lies in the range, '-15 to +25 ppm. This'would indicate 
that the total shielding of s' P in these ions would be around 300 ppm. 
The values calculated for dimethyl phosphate esters by Pullman156 are 
644.54 (gg) and 637.98 ppm (gt), compared with 696.18 and 703.14 ppm, 
respectively, from the CNDO/S calculations of this work. The closeness 
of the magnitude of these two sets of values and their remoteness from 
the experimental value is intriguing. It would have been useful, had 
Pullman obtained a value for a31P in PH3 for comparison with Höller's155 
calculated value. The experimental value for a31P in H3PO4 is consistent 
with Höller's value in PH3. 
The anisotropy of the magnetic shielding tensor of a nucleus is a 
useful method of comparing results of different theoretical methods, 
because it is the difference between tensor elements and thus does not 
require a reference point. With the improvement of experimental 
techniques, the experimentally determined-value of this quantity is 
becoming available for nuclei in'an increasing number of molecules. 
The anisotropies, calculated in the present work, are"shown'in 
Table 3.9 (p. 96) for various nuclei in molecules containing second raw 
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nuclei. The anisotropy used is defined as: 
DQ=azz - (Qxx +ayy 
where QzZ is the largest element of the diagonalized shielding tensor. 
Following Ebraheem45, the diamagnetic contribution is assumed to be 
isotropic and to is taken to be the anisotropy of the local paramagnetic 
contribution to the shielding tensor. 
From Table 3.9 it can be seen that the calculated values of La do 
not generally well reproduce the experimental values. The calculated 
anisotropy of 31P for ortho- and meta- phosphoric acids, together with 
their anions, is included. Although there appears to be no experimental 
values available, there is interest in the possibility that this 
anisotropy plays an important role in 31P relaxation in phosphates234. 
3.6 13C NJCLEAR SHIELDING 
Values for the total shielding of the 13C nucleus in the series 
C02, COS, CS2 have been obtained by a combination of ab-initio 
(diamagnetic) and experimental (paramagnetic) data235. Table 3.10 compares 
these values with those obtained from this work using the INDO/S method. 
The magnitudes appear not to be well reproduced by these calculations, 
although the 13C nucleus in CS2 is predicted to be deshielded with 
respect to the bare nucleus, whilst shielded in CO2 and COS. This is in 
accord with the results of Reference 235. The failure to reproduce the 
relative chemical shift for 13C in C02 and COS is possibly related to a 
substitution, as discussed previously in Chapter 2. 
Even though a CNDO/S value has been obtained in this work for the 
total shielding of 13C in tetramethyl silane (153.93 ppm), it is not used 
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in this work as a reference standard. In the present work, most of the 
calculated values of 618C have been for the nucleus in molecules 
containing Tr electrons. Ebraheem126 suggests that the relative chemical 
shift of 13C in systems of this type, with respect to those containing 
only a electrons, is not well reproduced. Thus, benzene was chosen as a 
reference standard for this work. 
3.7 DISCUSSION 
Throughout this chapter it may be seen that one of the weaknesses 
of using the WO/S method, namely its seeming inability to reliably 
reproduce the chemical shifts of nuclei in ci-bonded molecules, can be 
used to investigate whether a molecule contains some degree of Tr-bonding. 
For both 29Si and 31P, the character of the correlation between calculated 
and experimental chemical shifts is different for nominally Tr-bonded 
molecules containing substituents with lone pairs of electrons than it is 
for those with substituents without lone pairs. That this behaviour is 
, not 
a feature of Pople's SOS method, but of the UNDO/S eigenvalues and 
eigenvectors, has been shown for 29Si by the use of CNDO/2 values (see 
Table 3.2). Thus it is believed that the results of this chapter suggest 
that, within the molecular orbital model used, dTr-pir back-donation can 
play an important role in the banding of molecules containing Si or P 
atoms and substituents with lone pairs. As a possible mechanism to 
explain the experimental observations, the (p-d)Tr back donation has been 
both proposed3 and opposed12. 
As a comparison with first-row nuclei, 619F and 613C values were 
calculated using (NDO/S for the series SjF4 -º SiFH3 and CF 4 -ý CFH3 and 
compared with experimental values, shown in Table 3.11 (p. 97) For the 
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carbon containing molecules, the calculated trend is opposite to the 
experimental one, whilst for their 29Si containing analogues both trends 
are generally in agreement. 
As mentioned in Section 3.2, the data for nuclear shielding is 
obtained so as to allow variation to be made.: of the value of-<r-3>3d. To 
indicate that a variation in <r 3>3d may improve the correlation between 
calculated and experimental values of chemical shifts, a least-squares 
fit was made between the two values using <r"3> 3d as a variable. <r-3> 3d 
was taken to be proportional to Q3d, so as to retain its dependence upon 
charge density. The results are presented in Table 3.10 (p. 96). As can 
be seen, the trend in the chemical shifts is improved, yet the total 
shielding is not well . reproduced. One reason 
for this may be that the 
isolated molecule model may-"not correspond with the experimental 
conditions. Another possible explanation is that the results are 
optimized to reproduce chemcical shifts, and not total shieldings. 
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TABLE 3.4 
Comparison of "Si data obtained from different 
QIDO/S parameter sets 
l 
A 
cule 
B (a) 
Mo e 
a (tot) d (calc) c(tot) d (calc) 
e xp 
SiMe4 725.81 0.00 691.51 0.00 0.0 
SiMe3F 753.89 -28.06 733.26 -41.75 35.4 
SiMe2F2 779.77 -53.96 770.48 -78.97 8.8 
SiMeF3 786.63 -60.82 780.76 -89.25 -51.8 
SiF4 78336 -57.75 780.19 -88.68 -113.6 
SiF3H 785: Z4 -59.43 779.44 -87.90 -77.8 
SiF2H2 765: 63 -39.82 753.36 -61.85 -28.5 
SiFH3 598: 63 27.18 621.95 69.56 -17.4 
SiH4 549.41 176.40 487.25 204.26 -93.1 
SiMeH3 622.07 103.74 553.52 137.99 -65.2 
SiMe3H' 695.35 30.46 658.16 33.35 -15.5 
Si(0Me)Me3 753.10 ' -27.29 734.12 -42.61 17.2 
Si(OEt)Me3 753.45 -27.64 735.11 -43.60 14.5 
(a) Experimental data taken from Reference 204 
A- ßSi = -10.0 eV; 'Si = 7.015 eV 
B ßSi = -4.0 eV; YSi = 5.5 eV 
TABLE 3.5 
29Si data 
l l 
CNDO/S CNiDO/2 (a) 
e ecu Mo 
a (tot) 6 (calc) Q(tot) 6 (calc) 
6(exp) 
SiH4 549.41 176.40 515.37. -152.02 -93.1 
SiH3CZ . 552.80 173.01 . 382.47 -19.12 -36.1 
SiH2CA. 2 -410.34 1136.15 268.64 94.71 -11.0 
SiHCZ3 364.89 360.92 198.04 165: 31 -9.6 
SiCZ4 -4798.90 4073.09 . 153.90ý 209.45 -18.50 
. 
(a) Experimental data taken from Reference 204 
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TABLE 3.6 
3 ip data for dimethyl phosphate anion 
6/deg ww1 /deg 
105 64,64 
105 60, ' 60 
105 60,180 
105 180,180 
105 0,180 
105 60, --60 
- 95 60,60 
95 60,180 
95 0,180 
CNDO/S(a) 
Q(tot) Q(tot) 
700.75 4.4702 
700.84 4.4709 
710.15 4.4802 
706.86 4.4576 
702.93 4.4445 
706.22 4.4711 
700.84 4.4750 
711.24 4.4857 
702.82 4.4491 
CNDO/2 
L. 
(a) (b) 
Q(tot) Q(tot) 
4.6 403 4.6292 
4.6395 4.6282 
4.6343 4.6227 
4.6198 4.6127 
4.6218 4.6162 
4.6413 4.6299 
4.6339 4.6245 
4.6345 4.6240 
4.6222 4.6164 
(a) This work 
(b) P. Gorenstein, Biochem. & Biophys. Res. Com. 65, 
1073 (1975). - 
TABLE 3.7a 
31P data for dimethyl phosphate anion isomers 
sia) 
(b) 
sie) sid) sie) sif) 
ýý) 
ßPoPQPQPQPQP Iýblecule vPs 
CNDO/S CNDO/S CNDO/S CNDO/S CHDO/S CNDO/2 GAUSS 
DMP (gg) 720.32 708.61 696.18 683.74 673.08 430.53 644.54 
DMP (gt) 725.52 714.65 '703.14 690.66 677.55 433.46 637.98 
(a) ßp -7.0 eV 
(b), $p = -9.5 eV 
(c) Bp = -12.0 eV (value taken from Appendix 1) 
(d) B= -14.5 eV 
(e) $p = -17.0 eV 
(f) CNDO/2 calculations (this work) 
(g) Pullman's results taken from Reference 156 
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TABLE 3.8a 
Comparison of various calculations of c(av) for hydrides 
141 15`ý Pseudo 10- Best (a) 
Molecule CNDO/S GIAO 
potential gauge 
Experimental 
* CH4 133.42 221.1 - 195.8 194.15 ±0.07 
* NH 3 97.69 244 .2- 266.1 260 ±20 
* OH2 194.84 267.3 - 328.1 334 ±6 
FH 168.93 342.5 - 415.0 410 
SiH4 549.41 570.4 481.8 
PH3 430.87 - 652.4 584.9 595 ±10 
SH2 13.22 - 734.5 716.5 
Cm 338.79 - 945.9 947.8 952 
(a) First-row data from Reference 155 
Second-row data from Reference 154 
TABLE 3.8b 
CNDO/S calculations 
Molecule Q(tot) Q3d <r 3>3p ad p-cont d-cont a(tot) 
SH2 6.0438 0.0047 3.988 1042.96 256.84 1.37 . 
13.22 
CßH 7.1192 0.0027 5.466 1133.98 144.77 0.71 338.79 
96 
TABLE 3.9 
CNDD/S data of chemical shift anisotropy of 31P 
Molecule Ap-cont td-cont ta(calc) La(exp)253 
* 
PH 3 
* 
PMe3 
* PF3 
* PF3 
* OPMe3 
* ocs 
* ocs 
* ocs 
* CS2 
* CS2 
* CZH 
* CZF 
* CLF 
* CZCN 
* Cu. CN 
* ClüN 
TABLE 3.10 
20.54 -0.19 57.55 50 ±15 
23.13 -0.33 63.34 .8 : ±5 
4.48 -1.24' 9.56 228 ±2 
-- 159.18 49 ±5 
52.61 -33.04 60.04 201 ±15 
-- 203.18 861 
-- 283.34 378 ±42 
1086.08 -4.08 4563.90 729 ^iý 
-- 582.97 438 ±44 
0.03 456.95 2229.15 
217.15 1.05 1192.74 292 
86.85 0.91 495.49 2389 
-- 365.23 214 
±30 
148.95 1.64 823.12 859 
-- 88.13 - 
-- 374.66 985 ±20 
13C shielding 
Molecule(b) 
CNDO/S this work ._ 
QP(loc) p QP(loc) d g(tot) 
Amos (a) 
C! (tot) 
002 
ocs 
CS2 
-134.56 113.40 
-167.31 -169.67 107.79 S, 
-530.11 -388.65 -134.75 
60.9 
31.2 
-8.4 
(a) Reference 235 
(b) Molecular geometries taken from Reference 193 
97 
TABLE 3.11 
CNDO/S calculations 
X=C 
Nblecule 
XF4 
XF3H 
XF2H2 
XF! I3 
xH4 
Q (cal c) S (calc) d (exp) 13C 13C 13C 
115.67 0.00 0.0 
121.37 -5.70 5.2 
126.19 -10.52 12.6 
89.27 26.40 46.4 
133.51 -17.84 123.9 
X=C 
Molecule 
XFa 
XF3H 
XF2H2 
XFH 3 
Qýcalý) S(calc) S(exp) 
208.60 0.00 0.0 
231.21 -22.61 18.2 
248.14 -39.54 80.9 
269.41 -60.81 210.0 
*6 WRT nucleus in XFa 
613C taken from Reference 48 
a(calc) 2 9Si 
X=Si 
** ö (calc) ö (exp) 
2 9S1 2 951 
783.56 0.0 0.0 
785.24 -1.68 35.8 
765.63 17.93 85.1 
698.63 84.9 3,96.2 
549.41 234.15 20.5 
Si x- 
.** ß(calc) 6(calc) 6(exp) 
19F 19 F F 
311.79 0.00 0.0 
330.16 -18.37 -54 
320.64 -8.85 -12 
315.49 -3.70 54 
619F taken from Reference 205 
TABLE 3.12 
31P chemical shift 
Molecule CNDO/s(a) CNDO/S(b) - (exp) 
(e) 
H3PO4 0.00 0.00 0.0 
OP(OH)2F. -2.94 341.78 8.2 
0PMeF2 -9.99 1497.22 '27.4 
OPMe3 77.77 2577.78. ' 36.2 
OPF3 8.88 1044.05 -35.5 
(a) CNDO/S results from equation (3.1) 
(b) C2, MO/S results with <r-3>3d optimized 
(c) Taken from Reference 172 
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CHAPTER 4 
CALCULATION 1F 13C AND 15N NUCLEAR SHIELDING 
INCLUDING TWO-CENTRE <r -3> INTEGRALS 
.ý ., o 
101 
4.1 INCLUSION OF TWO-CENTRE INTEGRALS 
As can be seen from equation (1.5) the terms aÄ(nonloc), QA(loc) 
and OPA(nonloc) are all multi-centre in nature. The integrals which form 
these terms are, however, all monocentric. This arises from Pople's 
neglect of diatomic overlap, an approximation which was adversely 
criticized by Hameka 
49 
at its inception. Hameka showed that for the 
hydrogen molecule, certain of the neglected integrals have a greater 
magnitude than some that are retained. Similar approximations exist 
within the FPT of chemical shifts90. 
Changes in both the FPT and Pople's SOS methods have been sought in 
an effort to improve the reproduction of experimental chemical shifts by 
calculated ones. These may be divided into two general categories. The 
first retains the isolated molecule as the basis for calculation, changes 
being made by using different MO schemes91, modifying parameter sets92 
or including, formerly neglected, contributions to the-shielding 
93 The 
second category includes contributicns from the molecule's environment, 
such as electric field effects94, solvent effects134 and hydrogen 
bonding242. Canbinations of these are sometimes used which may mask the 
effect of each individual change. This chapter is concerned with the 
inclusion of the contributions from certain two-centre integrals to the 
shielding calculated by Pople's SOS method. These calculations are 
confined to isolated molecules containing only hydrogen and first-row atoms. 
Siedman et a1135 used the point dipole approximation'to include 
<B[RAIB> integrals of the type rA' 
into FPT calculations (. 'A being an angular 
momentum operator on atom A, rA the distance of the electron from A, 
while <B I and IB> are atomic orbitals on atom B, B #A). This approximation 
is at the same level as that in the non-local term in Pople's theory. 
Siedman et al obtained results which are in better agreement with 
102 
experimental values than the previous calculations of Ando et al42 who 
did not include these two-centre terms. Whether or not this is related: 
to the inclusion of the extra terms is not clear, as Siedman et al also 
altered the INDO parameters used to-improve the agreement between 
calculated and experimental values. - Barfield and Grant125 included 
values of 
<BI Ä JB', evaluated from Slater functions, into an uncoupled 
Hartree-Fuck calculation using INDO without GIRO. They concluded 
that inclusion of these terms "have only a small effect and so do not 
produce any noticeable improvement in the calculated values". 
1 T7 - Lately, Garber et all"have incorporated two-centre integrals of 
the type <BIÖAIB>, <BIÖAIA> and <AIOAIB> (OA is 3 or LA) into a SOS A 
method for both the dia- and paramagnetic terms. They-, used INDO and GIRO. 
After Maciel138. they decided that the standard INDO parameters were 
unacceptable for the calculation of chemical shifts., Unlike Maciel, they 
systematically varied only one parameter (ß). They optimized, ßH and ßC 
by calculating 613C for two series of molecules for varying values of these 
two ß's. Then they fitted a polynomial in ßH and ßC to those results and 
used a least-squares procedure to obtain the optimum values of the ß's. 
As shown below, each series of molecules produces greatly different 
values for these parameters than does the other series. 
ßC = -15.14 eV; ßH = -13.84 eV (CH4, C2H2, C2H4,. C2H6) 
ßC = -13.89 eV; ßH =, -8.53 eV (C3H8, C3H6, C3H4) 
This shows that extreme care should be taken in reparameterization of 
semi-empirical theories. 
Good results were obtained over a large chemical shift range 
(ca 175 ppm). These results show the change in the individual-two-centre 
terms to be large, up to about 40 ppm for dia- and paramagnetic terms 
which are two-centre with respect to the charge density matrix. That is, 
103 
if the terms contain integrals of the type <V101v>, the - term is'two-centre 
with respect to the electron density matrix if ü and v are 'atomic orbitals 
on different centres. The terms are one-centre with respect'to'the 
electron densitymatrix if-they are both on the same centre, which need not 
A 
be-the same centre as 0. However, the total' contribution to the relative 
chemical shifts appears to be only a few ppm. It is uncertain whether 
the inclusion of two-centre terms has improved the reliability of these 
calculations over those which neglect them. Comparison with the monocentric 
parts is not valid as the INDO method is reparameterized with the 
inclusion of the two-centre terms. 
In the present work it was decided to observe the effect of the 
inclusion of two-centre contributions into, the paramagnetic term. Changes 
in this term generally dominate the calculated chemical shift and 
ap(nonloc) usually has a greater range than ad(nonloc) (for example, see 
Table 1.1, p. 13). It is useful to retain Garber's classification of terms 
as being one-'or two-centre with respect to the electron density matrix, 
aBB and a respectively. The form of ap used is shown in equation (4.1) 
P Uo e2fi2 oCC wlocc 
- 1E(D) 
1 
_ -"k 
(1E°) 1- 
,J A ý 
ý 
<uý ý, v> <a 1 ý, ý1 ä> xiji Cü))Cýk)CýJ)CQk) CB uvaQ A 
(4.1) 
The quantities are as defined for equation(l. 5), with the summation over 
B and C containing all the atoms in the molecule, v, v, A and a,. being 
atomic orbitals on B or C. In deriving this-expression use has been made 
of London's approximation 
19. To simplify the calculation, . the gauge 
origin has been put on atom A. In the Hartree-Fock approximation139 
integrals of the type LAIB> reduce to iJB>140. That. is, the operation 
of iA on IB> changes IB> to another atomic orbital centred on B. The 
104 
expressions for <r-3> are formulated using the elliptical coordinate 
method of Milliken et a1141. Those used are shown in Appendix I ,, 
(p. 196)., 
Three-centre terms of the type <CjOAIB> are not included, although Garber 
et a1137 have suggested, from indirect evidence, that the inclusion of 
these terms may be useful in certain circumstances, such as for ring 
carbons in cyclic molecules. 
It was decided to investigate the effects of the inclusion of two- 
centre integrals on the calculated shieldings of two of the conanon NMR 
nuclei, 13C and 15N. The effects on 1H shielding calculations have been 
142 discussed elsewhere. These effects are discussed in two different 
ways. Firstly, for nuclei in'`molecules representing a large chemical 
shift range and secondly, for nuclei in series of closely related 
molecules with relatively small nuclear screening differences. 
4.2.13C. NUCLEAR SHIELDING, 
The molecules chosen to be representative of a large chemical shift 
range for 13C are those used by Ditchfield143 for ab-initio calculations, 
employing GIAD. The geometries used in this work are those which he 
143 
used. Benzene is also included to represent a cyclic molecule. A 
fuller discussion of the effect of the inclusion of two-centre integrals 
on the calculated shielding of nuclei in cyclic molecules-is given in 
Chapter 6. Table 4.1 (p. 109) gives a comparison between the results of 
this work, Ditchfield's work and experimental chemical shifts. Ditchfield's 
144 
results are at the STOtt -31G level, which he showed to give the best 
agreement between experimental and theoretical values out of the three 
schemes he used, the others being STO-5G145 and LEMAO-5G146. The 
experimental results used are those quoted by Ditchfield143. 
105 
It may be seen from Table 4.1 that in all cases, except CH3F, the 
CNDO/S values of ä13C which include two-centre integrals are quantitatively 
in better agreement with the experimental value of 613C than are those 
which do not, although they are still not in as good agreement as are 
those of Ditchfield. It is interesting to note that 613C for ethane is 
calculated to be -3.41 ppm without two-centre integrals and +0.54 ppn with 
them. This is compared with a measured value of 48.0 ppa with respect to 
methane. Also, the predicted value for 613C in CH3F is much smaller than 
measured. This may be attributable to the use of CNDO/S wave functions, 
as discussed in Chapter 3. 
The range of values for the two-centre contributions to these 
molecules is about 17 ppm, whilst that for a (nonloc) is about 13 ppm, ' 
which is comparable to the range of about 11 ppm for UBB The only two 
molecules for which aP(nonloc) and QBB are different in sign are benzene 
and formaldehyde. Here there is an improvement of about 20 and 15 ppm 
respectively in the calculated value of 613C on the inclusion of two- 
centre integrals, mainly arising from QBB. The inclusion of QBB and oä$ 
has led to the extension of the calculated chemical shift range, in this 
case, of about 15 plan in an experimental range of 197 ppm. Ebraheen126 
performed CNDO/S calculations, without two-centre integrals, on S13C in 
36 different molecular environments with a shift range of about 180 ppn. 
Although his predicted values well reproduced the experimental trends, 
the slope of the correlation between calculated and experimental data is 
only 0.6098. As mentioned in Chapter 2, this perhaps can be partly 
explained by NDO methods over-estimating transition energies. Also, the 
use of Slater atomic orbitals under-estimates the value of <r-3>2p. For 
example, for carbon, values of <r-3>2p calculated in this work range from 
about 1.4 to 1.5 au 3, whilst an experimental atomic value, is 1.692 aü 3147. 
However, in the light of Table 4.1, part of this insensitivity of the 
106 
calculated values to a change in molecular environment may be attributed 
to the neglect of terms such as oBB and QAB 
It may also be seen that the magnitude of QBB and cP is greater for 
13C when it is involved in multiple bonding than when it is only singly 
bonded. This is in accordance with speculation derived from INDO/S 
calculated values of a (nonloc) by Jallali-Heravi126 and from Pople's 
idea of nearest neighbour anisotropy. 
4.3 15N NUCLEAR SHIELDING I 
0ý Cý%S SIICý%vý 
The molecules chosen represent a 15N shift range of about 370 ppn. 
wl% Z-C. G. výCýK. 
ýQ, tM S 
From Table 4.2 (p. 110) it can be seen that the CNDO/S results&of this work 
give a better estimate of the experimental d15N values, with respect to 
nitromethane, than do those without. There is one exception, however, 
Mett. Although, in this case both predictions are close to the 
experimental value, this seeming anomaly may be related, among other things, 
to medium effects upon the experimental value. As noted by Webb148, 
medium effects can be very important in nitrogen It spectroscopy. As in 
the 13C results, the inclusion of two-centre terms increases the predicted 
range of 615N over that of calculations which neglect them. 
4.4 SERIES OF RELATED MOLECULES 
For reasons discussed in Chapter 2, it was decided to investigate 
the effect of the inclusion of two-centre integrals into the chemical 
shift calculations of 13C and 15N in some amides, nitrosamines and 
hydrazones. The results of these calculations are shown in Table 4.3 
(P. 111). It can be seen that there is a-high frequency shift in the predicted 
107 
values of 615N, with respect'to the calculations without the two-centre 
integrals. For the amides and the amino nitrogen in the nitrosamines and 
hydrazones this leads to a better quantitative agreement between 
calculated and experimental values of 61SN. For the nitroso nitrogen in 
the latter two series this shift leads to a quantitative worsening of 
agreement. This may be a further indication of the importance of medium 
effects on the nitrogen lone pair for, as indicated in Table 2.16, these 
medium effects would lead to a low frequency shift of the. nitroso nitrogen 
resonance with respect to that of the isolated molecule. 
The effect that the inclusion of these two-centre integrals has on 
predicted shifts, when canpared to other members of-the same series is 
small. The largest range for ä15N is about 4 ppm for nitrosamines, and 
also about 4 ppm for 613C in the formylamides. The value of the two- 
centre contributions differs greatly between series. For example, for 
15N in N, N difonnylamide the two-centre contribution is -19.6 ppm, whilst 
it is -33.35 in N, N dimethyl methylamide. The effect of this on the 
calculation of 615N for the amides can be seen from a contrast between 
Figure 4.1 (p. 118) and Figure 4.2 (p. 12.9). It can be seen that the 
inclusion of the two-centre terms shifts the correlation line for each 
series with respect to that of the calculations performed without these 
terms. However, the results for each series still appear to lie on 
separate correlation lines. The calculations for N, N dimethyl- and 
N, N diethyl phenylamide are still poor when. considered with respect to 
those of the other molecules in their respective series; similarly for 
the amino nitrogen in hydrazone 35 (as defined in Chapter 2). 
The large change in the two-centre contribution to the shift of the 
nitroso nitrogen in the nitrosamines, predicted in Chapter 2 from values 
of aP(nonloc), does not appear. This is believed to be related to the 
108 
180° rotation of the nitroso group about the N-N bond. This results in 
the close proximity of the oxygen atom to a bulky substituent which 
leads to the breakdown of the point dipole approximation used in a (nonloc). 
For the carbonyl carbon atoms, the correlation between calculated 
and experimental chemical shifts does not appear to improve on the 
inclusion of two-centre terms, although the predicted value of 613C with 
respect to that of benzene does. ' For the carbonyl carbons in pthalimide, 
the inclusion of two-centre integrals leads to an-improvement in their 
calculated chemical shifts with respect to the other carbons in the 
molecule (see Table 4.4, p. 115). This is as predicted by Galasso 
The relative chemical shifts of the other carbons in this molecule appear 
not to be improved by the inclusion of these two-centre terms. 
4.5 CONCLUSION 
In conclusion, it may be said that the inclusion of the two-centre 
terms mentioned above into Pople's SOS method can help to improve the 
reproduction of experimental chemical shifts for 13C and 1sN over a 
large range. In the molecules considered the inclusion of these terms 
has extended the calculated chemical shift range. For closely related 
molecules, the change in the two-centre contribution is small; changes in 
a (loc) still being the dominant factor in the calculated relative shifts. 
Further pieces of evidence to support these claims are presented in 
Chapters 5 and 6. 
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TABLE 4.6 
CNDO/S shielding data for pthalimide 
Nucleus QP(nonloc) 1-c entre aÄB eBB 2-centre 
Ci 2.90 98.85 -18.33 -11.31 66.31 
C2 1.28 73.75 -26.71 -14.97 30.79 
C3- "1.63 82.99 - -23.57 -11.29-- 46.50 
C4 1.03 80.73 -23.56 -10.85 45.29 
N 1.34 _. 101.03 -15.77 -12.44 71.48 
0 1.21 19.52 -"-2.52 -12.00 3.79 
(NDO/S shielding data for 13C in pthalimide 
(b) (b) (b) (a) (a) (b) 
Nucleus Q (tot) S (calc) S (calc) S (exp) oÄ up 
1-centre 2-centre 
Cl 
C2 
C3 
C4 
3.7138 -27.09 -32.34 -38.8 -158.42 -161.40 
3.9875 -1.99 +3.18 -3.7 -186.42 -187.62 
3.9945 -11.23 -12.53 +5.3 -177.25 -178.61 
4.0002 -9.17 -11.32 -5.3 -177.89 -180.16 
(a) Taken from Reference 117 
(b) This work 
NH 
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FIG. 4.2 
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CHAPTER 5 
TEMPERATURE DEPENDENCE OF NUCLEAR SHIELDING 
120 
5.1 VARIATION OF NUCLEAR SHIELDING tVI1 t. 'INMRNAL*_OOORDINATES 
Gas phase nuclear screening shows a temperature dependence which 
may be attributed to either or both of two main factors242. These are 
the intrinsic temperature dependence and the effect of various inter- 
molecular interactions. The first is associated with the temperature 
variation of the populations of vibrational, rotational and, sometimes, 
even low-lying electronic states in the molecule. The population changes 
result in an alteration of the molecular geometry. As shown in Chapter 2, 
the nuclear screening-is geometry dependent and hence that of an isolated 
molecule is temperature dependent. The intermolecular contribution 
arises mainly from collisions which distort the molecule. A review of 
these contributions is given by Rummens243. In a recent series of papers, 
244 
Jameson et al have studied the intramolecular part of this temperature 
dependence. - They separated this from the intermolecular contribution by 
extrapolating their results to a pressure low enough so that-the inter- 
molecular contribution was the minor one, yet high enough for the 
molecule to be in thermal equilibrium with its surroundings. 
Changes in temperature affect the shielding of all nuclei in 
molecules, but Jameson et al decided to investigate atoms other than 
hydrogen. Previously, studies have been undertaken on this phenomenon 
245 
for hydrogen in HBr' HC2,246 242 and 
H2_ 
The temperature induced 
shift in these cases was so small that experimental errors became very 
important. So nuclei with greater chemical shift ranges were chosen as 
these are believed to have greater absolute values for the variation in 
shielding with internal coordinates. Fluorine was the most popular atom 
chosen as it has a high sensitivity to NMR (83% of 1H2O9) and to changes in 
temperature. Fluorine is an atom which is usually found on the periphery 
of molecules and is greatly affected by intermolecular factors, whereas 
121 
nuclei such as 13C and 11B are generally found on the interior of 
molecules. The small temperature induced chemical shifts of these 
latter two atoms in ßp244, Cli 4244 and BF3244_has led to a large amount 
of uncertainty in functions derived from these measurements. One such 
function which is of interest is as/aR, the change in shielding with 
bond length. as/aR values, however, suffer greatly from inaccuracies in 
244 
the data used to predict them . The errors estimated in the series of 
papers by Jameson et al are believed to tinder-estimate the true errors209. 
Thus it is of interest to obtain theoretical values of 8a/8R for comparison 
with experimental ones. There are available some theoretical values for 
1a/8R, but these are mostly for hydrogen64. The values calculated 
in this work are shown in Table 5.1 overleaf, and the data used to 
calculate these derivatives are given in Table 5.2 (p. 127). The derivatives 
were obtained graphically from a plot of o versus interatomic distance. 
0 
This method has an error of only about ±10 ppm/A as the plots are almost 
linear near the equilibrium distance on the scale used. 
Table 5.1 shows that Dar/DR calculated in this work, is too small for 
the peripheral atoms, yet too large for the-internal atoms when compared 
with the experimental values. - This holds for both the CNDO/S and INDO/S 
results. only intone case is-the value of aQ/aR calculated by INDO/S to 
be greater than that for CNDO/S for the peripheral atoms. This is for 
the case of 13C in CO. The INDO/S result is nearer the experimental 
value, but this latter value has large errors associated with it, although 
a Hartree-Fock calculation by Raynes et a1163 gives a value of aQ/aR = -436 
o 
ppm/A. The INDO/S result is in better agreement with this than, is that 
of INDO/S. Possibly this indicates that intermolecular effects are not 
negligible as assumed by Jameson244. Also, 'the experimental values of 
3a/3R for 19F in BF3 and CF4 are both -1115 ppm/Ä with a similar value in 
o SiF4 of -1170 ppm/A. The calculated values do not reproduce this. The 
122 
TABLE 5.1 
Molecule R /Ä(a) 8ß/8R ; a/BR 8Q/8R 
e (eý) CNDO/S INDO/S 
* 
Co 
* 
FCR, 
* SiF4 
* BF9 
* BF3 
* CF4 
CH4 
F2 
1.128 -241 -167 -191 
1.6281 -2073 -261' 
1.56 -1170 -102 - 
1.29 <33 -54 -44 
-1.29 -1115 -263 -130 
1.32 -1115 -318 -314 
1.0910 <28 -116 -120 
1.418 -4665 -1887 -1291 
(a) Equilibrium interatomic distance taken from 
Reference 
(b) ac/aR in ppm/Ä evaluated at Re 
* Nucleus in question 
#J a/aRj -t a(tot)_ 1-centre used 
0 
values for BF3 and CFa differ by 284 and 55 ppm/A for INtO/S and ChNDO/S 
respectively. In all cases investigated in Table 5.1, the values of 
8a/8R are negative as are the experimental ones. In an attempt to 
isolate some of the factors influencing this derivative, two molecules, 
are studied in detail; these are F2 and 00. 
F2 is chosen as it is a homonuclear diatomic molecule and so does 
not exhibit a change in calculated bond order or total atomic electron 
density with band length. The latter leads to both ad(loc) and <r-s> 2P 
being constant within the method used to calculate them. ad(nonloc) is 
nearly constant, varying from -0.20 to -0.19 ppm as RF-F varies from 
0 1.4 to 1.44 A. Thus the change in shielding arises mainly from the 
variation of the paramagnetic terms. F2 also has a particularly simple 
set of contributions to a (loc) within the bounds of the semi-empirical 
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NO theory used. These arise-from the 3n->8a* and 4n-,. 8a* transitions. 
3n and 4n are two degenerate non-bonding orbitals with 2px(3n) and 2py(4n) 
coefficients of 1/12 which do not vary with band length. The change in 
the magnetic integrals is therefore associated with the change of the 2pz 
coefficient of the 8a* molecular orbital. A limitation of using a 
minimal basis set is highlighted in this calculation as it only allows 
for one unoccupied molecular orbital. This could be a severe restriction 
on the calculation of excited state properties. Table 5.3 (p. 131) shows 
these contributions and Table 5.4(p. 132) shows other values of interest. 
Here ad(loc) = 470.38 ppm and <r-3>7, = 5.859 au. From Table 5.4 it can be 
, -r 
seen that the contribution to acr/aR from the two-centre term is small, 
the main contribution coming from ci (loc) . The magnetic integral is seen 
to be constant within -0.6% whilst the singlet-singlet transition energy 
(1AEvaries by -10%. One corollary to this is that even though the 
AEE approximation does predict a negative as/aR, its use is not valid in 
this case as ltEi}j varies with b aid length. 
00 is taken as an example of a heteronuclear diatomic molecule; 
this allows observation of-the effect changes in such properties as 
<r 3>2p; 6ad(loc)-and charge density have on shielding. Calculations from 
this work are presented in Tables (p. 133-13ý). It can be seen 
that changes in ap(loc) are the dominant factors influencing 8ß/3R. 
Although the contributions to aa(loc) are more complex than those for F2 
they follow the same pattern. IAE increases with bond length as do 
the magnetic integrals for both 13C and 170. Again, variations in IAEi}, 
appear to predominate over changes in the magnetic integrals. It is 
interesting to note that the electron density on the carbon decreases with 
increasing bond length whilst that on the oxygen increases. This is 
associated with an increase in <7773> 2p and a decrease in ad(loc) for 
carbon as R0 increases, whilst . the opposite is true for oxygen. Values 
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of aQ/aR for the carbon and oxygen are both negative. This indicates 
that for CO changes in, the excited state properties, IAEiý, and the 
magnetic integral" predominate over those in the ground state properties 
in determining as/3R. 
Nuclei for which the CNDO/S calculations performed in this work 
suggest that ground state properties predominate over those of the 
excited states are the heavy nuclei in phosphorus fluorides. Jameson 
et a1244 have measured the temperature dependence of the 31P shielding 
of these molecules. These measurements show that the shielding 
decreases with increasing temperature. This change originates from the 
variation in molecular geometry with population of the totally 
symmetrical vibrational modes of the molecule244. The values of as/DR 
for 31P predicted by CNDO/S are all positive (see Table 5. &, p. 135) 
whilst those for 19F are negative. These values for 31P may be acceptable 
if there is another geometry deformation which leads to a decrease in 
shielding with an-increase in temperature. For PF3 the derivative aQ/ae 
(e = <FPF) is calculated to be negative. It-is generally assumed that e 
increases with. increasing temperature, thus the dominance of as/ae over 
as/aR may lead to, aa/aT being negative. Similarly for OPF3 as/aRP_F and 
ae/aRp_0 are positive, whilst Ba/36 (e= LFPF) is negative. 
For PF5 the pseudo rotation of the fluorines may provide a mechanism 
to explain the temperature dependence. 29Si in SiF4 also exhibits a 
positive as/3R, and there appears to be no totally symmetric vibrational 
changes of geometry that may give a negative derivative. Thus it would 
be of interest to test if 29Si in SiF4 does have a positive value of 
aQ/aT. - This, is"not physically. unacceptable for PH3 has one (see Section 
5.2, overleaf).; - 
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Table 5.6 gives. the calculated values for various quantities 
associated with the shielding of PF3. OPF3 and PFS. It may be seen that 
for PF3 the charge density of the 3s and 3p orbitals increases as PP_F 
increases. This is in accordance with the nitrogen electron density in 
NF3 (see Table S. 7, p. 127) and results in a decrease in <r 3>3p. The 
value of the electron density in the 3d orbitals (Q3d) is small compared 
with the 3s and-3p values. The change in Q3d is proportionally much 
larger than that in Q (3s + 3p) on change of 
bond lengths., and is in the 
opposite direction. This latter observation may be explained by the 
presence of (p -)-d) Tr 'back donation'. p -writ is proportional to Q3d, 
through its high energy 7r-*Q* transition contributions. This results in 
the magnitude of this integral' decreasing as RPF increases, whilst p-cont 
increases. This increase in the latter is not fractionally as great as 
the decrease in-<r3>. Thus Da/8R is predicted to be positive, bye both. . 11G \iGG1brWV J. il ý ýi ý ý(Y" 
4, c, +^. ý. a ý., 
JY 
_. the 
3p and 3d orbital contributions. 
,, .., 
SiF4 is ' an' interesting case. The magnitudes of both p-cont and 
d-cont decrease with increasing bcnd length. This may indicate why some 
theories of 29Si chemical shifts, which do not include 3d orbitals, appear 
to be able to reproduce experimental trends . Even though the electron 
density of_13C, in CF4 and that of the 3s and 3p orbitals on 29Si in. SiF4 
behave in a. similar manner, the direction of the variation in their 
contributions to a (loc) is opposed. 
5.2 TEMPERATURE VARIATION OF 31P SHIELDING FOR PH3 
Measurements show that aß/DT for 31P in PH3 is positive. This is 
in opposition to all other measured values. aQ/aT for 15N NHa may be 
positive 
244 but no evidence for this has yet been published. Jameson 
244 
has attempted to measure this value but condensation problems have 
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hindered the acquisition of data over a sufficient temperature range. 
The isotope shift for Q18P in PH3-'-PD3 is positive207, which is the 
158 'normal' direction. The relation between the isotope shift, 8a/8R 
and as/ae demands that at least one of these derivatives be negative. 
Jameson 244, using a modified Kuchitsu approximation113 to the anharmonic 
force field of PH3, predicts 3Q/86 to be negative and 8a/8R to be positive. 
She also uses the angular dependence of the 3p contribution to a31P from 
Letcher and Van Wazer105 to support her negative value for ao/a6. 
To investigate the PH3 and NH3 molecules, CNDO/S and CNDO/2 were 
used to calculate the 31P and 15N. shieldings as a function of both 6 and 
bond length. the results are presented in Table 5.8h(p. ico, . av4DO/S and 
CNDO/2 both predict that for 15N in NH3 both 2cr/aR and as/a6 are negative, 
thus implying that aß/aT will also be negative. However, for 31P in PH3, 
CNDO/2 predicts that as/aR and aQ/a6 are also both negative. This does 
not allow for the observed sign of as/3T. CNDO/S predicts as/BR to be 
negative and ac/a9 to be positive, in directions opposite to the signs 
suggested by Jameson244 who has criticized the force constants used in 
obtaining the signs of these derivatives. The approximate nature of 
Letcher and Van Wazer's theory does not allow their prediction of aQ/ae 
to be unchallenged. Thus, until experimental data which are good enough 
for aQ/aR and Da/De to be extracted unequivocally, or Untila less 
approximate theoretical'model is employed, the sign of these derivatives 
will be in, question. 
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TABLE 5.2a BF3 
0 
Nucleus RBF/A 
11B 1.27 
1.28 
1.29 
1.30 
1.31 
19F 1.27 
1.28 
1.29 
1.30 
1.31 
Nucleus -- 
0 
RCpiA 
13C - 1.30 
1.31. 
1.32 
1.33 
1.34 
19F 1.30 
1.31 
1.32 
1.33 
1.34 
vvDO/s 
Q (tot) 
1-centre 
132.68 
132.28 
131.85 
131.42 
130.97 
272.39 
271.13 
269.83 
268.49 
267.12 
TABLE 5.2b CFa 
. 
INDO/S 
a (tot) 
1-centre 
161.84 
160.82 
159.78 
158.. 72 
157.64 
306.68 
303.63 
300.52 
297.37 
294.18 
CNDO/s 
a (tot) G (tot) 
1-centre 2-centre 
101.80 87.53 
100.83 86.52 
100.57 86.32 
99.98 85.74 
99.56 85.35 
203.28 "" 177.22 
199.57 173.94 
198.20 173.16 
195.19 170.63 
192.82 168.74 
UNDO/S 
a (tot) a (tot) 
1-centre 2-centre 
123.58 Io8"25 
122.34 10}"06 
121.07 Io5"g4 
119.76 
118.44 ýý3,29 
232.46 21q 33 
228.62 
--r 224.72 "04- 
220.77 ý04"30 
216.77 204.51 
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TABLE 5.2c 
CH4_13C data 
R,,, /Ä 
INDO/S 
a(tot) 
--l-centre 
CNIDO/S 
1.070 140.26 
1.080 139.33 
1.091 136.15 
1.100 135.30 
1.110 134.39 
Q(tot) Q(tot) 
1-centre 2-centre 
136.27 118.59 
135.64 117.69 
133.42 115.50 
-132.36 114.34 
131.29 113.20 
TABLE 5.2d 
F2 19F data 
INDO/S 0 RFF/Ä Q(tot) 
1-centre 
1.400 78.67 _ 
1.410 66.53 
1.418 - 56.51 
1.420 53.97 
1.430 40.96 
1.440,27.49 
CNDO/S 
a(tot) a (tot) 
1-centre 2-centre 
-173.36 -176.24 
-191.12 -193.93 
-205.72 -208.47 
-209.42 -212.16 
-228.29 -230.96 
-247.73 -250.34 
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TABLE 5.2e CO 
INDO/S 
Nucleus RCC)/Ä a(tot) 
1-centre 
13C 1: 100 -3.04 
1.125 -7.58 
1.128 -8.15 
1.150 -12.57 
1.175 -17.43 
1.200 -22.50 
170 1.100 -72.55 
1.125 --78.00 
1.128' -78.69 
1.150 -84.47 
1.175 -89.44 
1.200" -93.37 
INDO/s 
a (tot) U (tot) 
1-centre 2-centre 
11.09 1.01 
7.39 -3.38 
6.91 -3.98 
3.21 -8.27 
-2.30 -14.44 
-7.26 -19.99 
-26.71 -60.50 
-29.90 -62.47 
-30.36 -62.79 
-34.21 -65.64 
-39.32 -69.59 
-45.24 -74.56 
TABLE 5.2f 
=IS results for FC9 
.. -. 
cQA 
Nucle 
1.55 1.60 1.6281 1.65 1.70 
35cz 817.65 801.65 792.91 
19F 238.05 226.13 219.87 
783.09 761.34 
213.22 199.52 
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TABLE 5.4 
CNDO/S calculated contributions to cr13C and Q170 in CO 
A Transition 1AE, 
13C 170 
RCO, e t 1-ºj yp 
6 
aa 
P C act 
s P 
aa act 
1.100 cri 7r* 38.471 0.1419 -15.67 0.0515 -14.94 
1.125 37.703 0.1429 -16.20 0.0514 -15.16 
1.128 37.610 0.1430 -16.26 0.0514 -15.19 
1.150 36.933 0.1437 -16.71 0.0511 -15.34 
1.175 - 36.144 0.1445 -17.30 0.0505 -15.41 
1.200 35.392 0.1447 -17.77 0.0498 -15.47 
1.100 62 +Tr* 13.610 -0.0294 9.17 0.0734 -60.25 
1.125 - 13.649, -0.0280 8.95 0.0716 -59.67 
1.128 13.318 -0.0278 8.92 0.0713 -59.57 
1.150 13.093 -0.0266 8.73 0.0692 -58.58 
1.175 12.815 `-0.0252 8.52 0.0643 -55.33 
1.200 -12.588 -0.0239 8.27 0.0616 -53.74 
1.100 Tr ß* 22.341 0.2473 -47.05 0.3058 -152.90 
1.125 21.740 0.2487 -48.87 0.3156 -161.51 
1.128 21.667 0.2488 -49.10 0.3167 -162.57 
1.150 21.125 0.2498 -50.81 0.3252 -170.58 
1.175 20.486 0.2499 -52.78 0.3364 -181.01 
1.200 19.862 0.2503 -54.78 0.3357 -191.26 
1.100 n +7r* 6.240 0.4552 -310.02 0.2191 -392.23 
1.125 6.209 0.4552 -313.24 0.2175 -389.72 
1.128 6.205 0.4552 -313.66 0.2173 -389.53 
1.150 6.175 0.4555 -317.02 0.2166 -388.92 
1.175 6.142 0.4579 -322.55 0.2174 -390.25 
1.200 6.094 0.4590 -327.42 0.2169 -391.14 
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TABLE 5.5a Results of some CNDO/S calculations for CO 
0 Centre RCO /A Q2IM 
(a) 
Q2P. 
ý 
Q(tot) Qd(loc Qd (nonloc) 
13C 1.100 1.6485 1.1705 1.1028 3.9218 259.39 0.06 
1.125 1.6604 1.1622 1.0826 3.9052 259.25 0.04 
1.128 1.6618 1.1612 1.0802 3.9033 259.23 0.04 
1.150 1.6718 1.1541 1.0622 3.8883 259.11 0.02 
1.175 -1.6828 1.1564 1.0266 3.8658 258.91 0.00 
1.200 1.6937 1.1502 1.0078 3.8518 258.79 -0.01 
170 1.100 1.6485 1.5452 2.8968 6.0782 395.34 0.69 
1.125 1.6482 1.5292 2.9174 6.0948 395.52 0.65 
1.128 1.6497 1.5273 2.9198 6.0938 395.54 0.65 
1.150 1.6604 1.5136 2.9378 6.1117 395.70 0.61 
1.175 1.6714 1.4893 2.9734 6.1342 395.93 0.59 
1.200 1.6829 1.4732 2.9922 6.1482 396.08 0.56 
(a) Total electron density for principal quantum number (n) =2 
TABLE 5.5b CNDO/S bond orders 
t 
ROO/A Po PIT P (tot) 
1.100 0.9720 1.7874 2.7594 
1.125 0.9737 1.7771 2.7508 
1.128 0.9739 1.7759 2.7498 
1.150 0.9752 1.7665 2.7417 
1.175 0.9792 1.7471 2.7263 
1.200 0.9807 1.7366 2.7173 
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CHAPTER 6 
CALCULATION OF 14N AND 13C NUCLEAR SHIELDING 
IN HETEROCYLIC MDLECULES 
143 
6.1 INTRODUCTION 
Earlier work in this laboratory has suggested that CNDO/S wave- 
functions combined with Pople's SOS theory of nuclear shielding can 
reproduce the general trends of nitrogen chemical shifts in hetero- 
cyclic molecules127. This type of molecule is interesting as a model 
for larger biologically important molecules. For such reasons much 
attention has been focussed on the electronic structure of these 
molecules. NMR has been used as a tool in this investigation, with 
papers published on 1H128,13C129,15N130 and 14N131,152 nuclei. There have 
also been various theoretical attempts to reproduce the experimental 
chemical shifts. As well as using AEE132 and SOS133 methods, there has 
been an attempt to use a Differential Excitation Energy (DEE) method236. 
This involves an AEE approximation for the higher energy transition but 
an SOS approximation for the lower energy ones. This method has had 
236 
some success-for 13C in azines. 
The object of this chapter is to report the results of some 
chemical shifts obtained from CNDO/S nuclear shielding calculations on 
the 13C and 14/15N nuclei in some of the molecules investigated by 
Ebraheem27 ,a nd to extend these to their 0- and S-containing analogues. 
11 
The hypotheses that the use of an optimized geometry as opposed to a 
standardized one, the use of INDO/S instead of CNDO/S and the inclusion 
of two-centre integrals into the shielding calculations can improve the 
reproduction of the experimental chemical shifts, are tested. 
6.2 METHOD 
The series of molecules used in this work are shown in Figure 6.1 
(p. 159) where X may be NH, NQi3,0 or S. Ebraheem et a1i27 stated that 
144 
they used the standard geometries of Pople and Gordon77 to construct 
their models of these molecules. For heterocyclic molecules this method 
does not result in unambiguous models being constructed, as to 
accomodate the'b and lengths the angles have to deviate from their 
standard-values., Also, certain of the bonds required are not listed; 
0 
thus it was found necessary to define these. They are: N3-C3(l. 38 A), 
N3-N2 (1.36 A) and N2-Cs (1.37 A). These were obtained by taking the 
mean of the standard bond lengths for the corresponding double and 
single bonds. For the five-membered monocyclic molecules the angles 
defined by atoms 1,2,3 and 2,3,4 are taken to be 108°, the other 
angles being uniquely defined by accommodating the lengths of the bonds 
in the ring. Similarly, for the fused ring heterocyclic molecules the 
angles between atoms 1,6,7 and 9,1,6 are set to 108°, with those of 
the benzene ring being 1200. Some justification for the latter 
approximation may be found from the experimental geometries for 
107 237 
pthalimide and melatonin.. 
For the molecules with X= NH, NCH3 and 0, CNDO/2 calculations were 
performed on these geometries to optimize them. This was done by 
systematically varying the geometry to obtain a minimum energy 
conformation using the program GEOMINZ38. In this chapter the former 
geometries are referred to as standard geometries (SG) whilst the latter 
are: referred' to as GEOMIN-geometries. Both CNDO/S and INDO/S 
calculations were performed on these molecules. For the series of 
molecules with X= NCH32 CNDO/S calculations were performed with the 
inclusion of two-centre integrals, as described in Chapter 4, the reason 
for this being given in the next section. 
For the series of molecules containing X= NH, fast proton migration 
between, the nominally pyrrole and pyridine type nitrogens (as defined by 
145 
Witanowski et a1239) may take place. This is often associated with a 
-reduction- in -the nnnber of resonance lines observed with respect to 
those' expected. This signal averaging is dealt with as suggested by 
240 Webb. For this series all values of 613C and 611 15N quoted 
(obtained-from calculated values of nuclear shielding) have been so 
averaged. 
6.3 14N NUCLEAR SHIELDING 
The chemical shifts obtained from calculated screenings for the 
four series considered are shown in Tables 6.1- 6.4 and in Figures 6.1- 
6.4. Following the discussion given in Chapter 2, the results for each 
series are displayed separately. The correlations obtained-from this 
work-of calculated against experimental values of 611N for X =NH, NCH3 
and 0, if the series are not segregated, are shown in Table 6.5 below. 
TABLE 6.5 
Type 
of 
calculation 
Correlation 
coefficient 
Standard 
Slope Intercept deviation 
(PPM) 
CNDO/S-SG 0.6503 0.990 95.73 62.90 
CNDO/S-CEMN 0.6973 0.877 71.93 59.35 
INDO/S-SG 0.7469 0.629 -43.30 55.05 
INDO/S-CEOMIN 0.7670 0.563 -57.3 53.13 
These data indicated that improvements may be made in the correlation 
between calculated and experimental values of 614N by employing 
optimized molecular geometries or INDO/S wavefunctions, when compared to 
the CNDO/S-SG, method. It may also be seen that there is a greater 
spread in the data from the correlation line at the lower field end, than 
at the higher field end of the range of chemical shifts. This may be 
146 
interpreted as the influence of the medium on the shielding of the 
pyridine type nitrogen varying between the different series of molecules. 
A pyridine type nitrogen atom has a lone pair of electrons and through 
the arguments given in Chapter 2, it would be expected that this type 
of nitrogen-would be more susceptible to changes in the medium than 
would a pyrrole type of'nitrogen, which does not have a lone pair of 
electrons. 
Figure 6.1 shows the changes which occur when different combinations 
of SG, GEOMIN, INDO/S and CNDO/S are tried, in order to calculate 614N 
in the series for X= 0. The correlation for CNDO/S-SG appears poor, 
although no correlation coefficients were calculated for any of the 
results for this series. - On passing through to INDO/S-GEOMIN it is seen 
that two correlation lines appear; one for those nitrogen atoms in 
position a to the oxygen atom and one for those $ to the oxygen atom. 
As this does not appear to happen for the other series, it may suggest 
that the parameterization of these semi-empirical methods for oxygen is 
not consistent with that for nitrogen and carbon. 
A comparison between the results of this work for the series of 
molecules with X= S and those for X= 0 is not strictly valid. This is 
because experimental data is only available for a few direct sulphur 
analogues of the oxygen containing molecules. However, if the correlations 
between the calculated and experimental values of dl"N available are 
taken as being indicative of those of the complete series of molecules, 
then a comparison between these may be believed to yield information 
about-the behaviour of the complete series. 
The Q DO/S-SG values for 614N are shown plotted against the 
experimental values in Figure 6.2 (p. 160). From this it can be seen 
that the experimental values of 614N are better reproduced than they are 
147 
by this method for the series with X= 0. The split into nitrogens 
which are a and those which are ß to X, as seen for X= 0, is not 
apparent. 'Although there is an indication that the results for mono- 
cylcic molecules may lie on a different correlation line to those of 
the-fused ring molecules. Further evidence to support this can be 
taken from Figure 6.4 (p. 162). Here the results for the series of 
molecules with X= We are presented. The divergence between these two 
correlation lines appears to be more dependent upon the choice of wave- 
function than upon the use of SG or GEOHIN molecular geometries, this 
divergence being smaller for INDO/S than CNTDO/S. The slope of the 
correlation line for the fused ring molecules is less than for that of 
the monocyclic ones. This relative insensitivity of the fused ring 
calculations may be related to the use of the Mataga-Nishimoto 
approximation39 for the yAB integrals. This approximation was initially 
suggested for monocyclic heterocycles. 
For the series of molecules with X*= NH, the possibility of two 
correlations is again observed from the INDO/S results. The (NDO/S 
results are too scattered for any firm prediction to be made. The 
scatter is associated mainly with results from molecules containing two 
adjacent nitrogen atoms, a fact which was also noticed by Ebraheem127. 
The scatter is greatly reduced by the use of the INDO/S method, which 
I- 
would indicate that the one-centre exchange integrals included in this 
method play an important role in the chemical shift calculations. 
similar improvement is noticed for the series of molecules with 
x= NMe. ý' The, improvement in both of these series is greater for the 
change in'molecular orbital method than it is for the substitution of a 
GEOMIN'for a , SG molecular geometry. This small dependence upon 
molecular geometry for the series of molecules may explain why Ebraheem's 
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results127 are generally reproduced by the CNDO/S-SG results of this 
work. The deviation of molecule J with X= NH from the correlation line 
of the rest of its series suggests a possible error either in the 
calculatedor experimental data. If the error is in the former, its 
source has. not yet been located. 
To test whether the inclusion of two-centre integrals into the 
shielding calculations would improve the reproduction of experimental 
values, the series'with X= We was chosen. There are more experimental 
values for dl"N available for this series than for any other. For this 
series the INDO/S results show an improvement over the (NDO/S results, 
but this is not as dramatic as that for the series with X =0. Thus, as 
the two-centre terms have only been incorporated into Q'DO/S calculations, 
it is believed that a better test of the effect of these two-centre terms 
is for a'series for which the calculations are not critically dependent 
upon the choice of wavefunction. As the calculations can be performed 
on molecules' containing only first-raw atoms and hydrogen, the series 
with X=S is excluded. The series with X= 0 was also excluded because 
of its poor results and the small number of resonances recorded. 
, 
The results for the inclusion of the two-centre integrals into the 
series, with X= NMe. are shown in Figure 6.5 (p. 163) and Table 6.5 (p. 145). 
The molecular geometry used was GEOMIN as this appears to be an 
improvement over SG in predicting nitrogen chemical shifts, if points 4 
and 6 are neglected, as they are not well represented by any of the 
methods used in'this work. There is a slight improvement in the 
correlation coefficient on the inclusion of the two-centre terms over 
that of, CNLO/S-GEOMIN. Although this is a small effect, it is also 
associated with an improvement in the slope and in the quantitative 
values of the shifts from nitromethane. 
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6.4 13C SCREENING 
This section presents the 13C screening results of calculations 
performed upon the heterocyclic molecules of the previous section. These 
results are shown graphically in Figures 6.6- 6.10 for the ring carbons. 
As can be seen, the calculated values of 613C do not generally well 
reproduce the experimental ones. Although, this is not at variance with 
the observations of Ebraheem45 and Jallali-Heravi61 who believed that 
calculations of this type well reproduce experimental 613C values over a 
large range of molecular environments. The standard deviations recorded 
by them of 9.95 and 10.81 ppm, respectively, from the correlation lines 
are comparable to those of this present work, except for those molecules 
with X=S, O. The experimental chemical shift ranges of their studies 
were about 150 ppm, whilst that of this work is about 50 ppm. Following 
the discussion in Chapter 2, the three main molecular environments for 
the 13C nucleus, i. e. in the phenyl ring, bridging the fused ring, and in 
the five-membered ring, are shown separately in Figures 6.6 - 6.10 (p. 164-168). 
as D, ", and 0 (or A), respectively. Here, A denotes carbon adjacent to 
an oxygen or sulphur atom. From these figures it can be seen that, 
generally, the scatter of results decreases in the order (NDO/S-SG> CNDO/S- 
GEOMIN > INDO/S-SG > INDO/S-GEOMIN. This observation indicates that, for 
these molecules, the choice of wavefunction used can be more important 
than the use of an optimized geometry. Similar observations were made for 
14W (see Section 6.3). 
(NDO/s-GEOMIN calculations were performed, with the inclusion of two- 
centre. integrals, on the series of molecules with X= NCH39 Results are 
shown in Figure 6.10. -From this it can be seen that the inclusion of two- 
integrals does, not generally Lmprove the correlation between calculated 
and experimental values of 618C. It is of interest to note that the 
correlation for the bridgehead carbons is greatly improved. Also, the 
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values of 613C for the methyl carbons are likewise improved, as shown in 
Table 6.7 below. 
Nb1 
TABLE 6.7 
d13C data for methyl group in 
series with X=NMe 
(NDO/S-GEOHIN 
1-centre 2-centre 
A 
C 
D 
E 
H 
K 
--77.07 -92.98 
-77.24 -93.51 
-76.43 -92.11 
-76.39 -92.60 
-82.70 -99.65 
-81.05 -98.22 
-93.5 
-96.8 
-93.6 
-93.6 
-96.4 
-98.1 
6.5 DISCUSSION 
Ebraheem127 found that his calculated values of 61"N were systematically 
shifted to lower frequencies. This he attributed to the use of standard 
geometries77. From Figures 6... 1- 6.5 it can be seen that the results of 
this work, are not so shifted. Thus the shift he reported may be related 
to his use of N03 as a reference; the present work uses McN02. 
one interesting observation is the improvement in the reproduction 
of experimental 613C values by calculated values, for the bridgehead 
carbons, when two-centre integrals are included in the calculations. Work 
in this laboratory241, using SOS and INDO/S methods, has failed to 
reproduce 615N values for bridgehead nitrogens in indal4zines. Thus, this 
result would indicate that calculations including two-centre integrals may 
be more successful. 
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FIG 6.6 
CNDO/S-SG X=S 
A 
0 
A 
20-1 
C) ýv 
C) 
U 
C. ) 
vo" 
0 
A 
6 
0 
0 
A 
A 
  
-20 
0 
Q0   
4p 
cl 
0 
QL-] Q 
0 
T- 20 0 
s 13C 
obs 
  
"" 
"" 
ý>. 149 i(:; r k(-, y 
165 
CNDO/'J-8G 
INDO/B-8G 
v 
.. 0. 
{. 
a fe 
Cý 
Ccý 
e 
wý a 
S 
S 
p 
CMGQIS-GEO1dW 
INOO/8-GEOHIN 
.  
S 
13 o qm 0 
o .o 
-as °ccA. -ly 
FIG. 6.7 X= Nil 
13 
C 
4 -L ý--ý 
v 
a 
5 
40 
socdo 
of 
A 
_ý_, j;. 1 '"') I-ý_ýr h_ýy l=ý 
166 
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FIG. 6.9 X= NCH3 
ý 
0ý 
u 5 
CNDOI$ 
a 
9 
.. r ... 
U 0 
" 
. 
ýo gýý. 
a 
O °cm. 
ýý 
I 
9 dý1 cA 
0a 
IN0019-BC 
0 
"" 
r 
U 
S 
p 
p 
4*6 
6 
E6 Fb 
VD 
m 
lb 
S" 
S 
A 
9 
0 
a 
13ý 
ý 
b 
a 
OI 
8 
Mö ~ýv 8" 
" 
INDO/ß-CEOMIN 
..:. 
ý. ý. 
.. 00 " 
.. 
oF 
L4 
0 
a 
r . 00 
0 
is 
U 
£ 
9 OCO*O'EP 
CNpOI$-GEOMIN 
. IF 
0 
°Cdr 
0 
a 
al 
a 
.ý" 
"ý . 
a-- S °c, ý. 
A 
a0 
j% 
i 
1,19 
168 
  
0 r 
(D 
ý 
LL 
Z N 
  
" 
Wý 
  z  °b 
w  $ 
U 
CV 
  
" 
"ý 
  
  
  
0 
  0 
s 
4 
Rý 
ým ot: t g6 
ft 
" 
 . 
W 
cc 
h- 
Z 
W 
U 
  
" 
"S4 
 0 
0 
0 
4 
 . 04 
  
  
 n 
  
.ý ý° 
CIDQ 
Ul) 04 
ý 
U 
ý 
uo 
'! 
o 
rU) N 
04 
N 
-0 0 
c2 
U 
cA 
ýo 
i` 
fLLY V 
:n 
CG 
;, ý ýJ 
.ý 
:1 
,x 
ýe gb N oleo 
I 
169 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
The results of the calculations performed in this work can be seen 
to be dependent upon the type of wavefunction used. This is dramatically 
shown in the case of 629Si and is also evident for 614/1SN in the 
heterocylic molecules investigated. Despite this, Pople's model of 
nuclear screening has been'shown°to, be a useful tool for investigating 
hypotheses about the nature of the chemical shift, such as in the study 
of the involvement of the nitrogen lone pair in the N-X bond. The 
calculations performed on 29Si and 31P indicate that Pople's model may be 
usefully extended to incorporate these nuclei. The work on 
31P indicates 
that the choice ofa value of <r-3> 3d can be critical in determining the 
correlation obtained between calculated and observed chemical shift 
values. 
The correlations obtained for 629Si, although suffering from a large 
dependence upon the wavefunctions used, suggest that the small values of 
d-coast calculated for, this nucleus make these calculations less dependent 
upon the value, of <r 3>, d for those for 
31P. The inclusion of two-centre 
integrals into the calculations for <r-3>2p for 13C and 15N does not 
generally appear to improve the correlation between calculated and 
experimental values of the chemical shift. Although, in some cases, there 
does appear to be a marked improvement. 
These conclusions suggest further areas of studies, including 
calculations perfonned with wavefunctions obtained from molecular orbital 
theories which can produce the excited state properties of both c- and IT- 
bonded molecules. Also, a search for a better method of calculating 
`r 3>3d for second-row nuclei would be desirable. 
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APPENDIX 1 
These calculations were made using the ellipsoidal coordinates 
v, n and ý defined as v= (ra+ rb) /R, rj = (ra - rb) /R and 
ý=ý (of spherical coordinates) 
The orbitals on A are described by a right-handed 
cartesian set and those on B by a left-handed set. 
Other quantities needed are: 
P= 1(; a+ ýb) 
P/ao 
t= (ýa- (ýa+ ýb) 
ý(P) ° 
ýePvdv=ePI [k! /p (k-u+1)ýl 
-, i u=1 
Bk(Pt) = 
J1k 
e 
trl 
-e Pt k1 
u=1 -ý k+1 
- 
k- 
ept 1 1(-. 1) uk: / (Pt)M (k -u+ 1) il 
u=1 
Bk(o) = 2/(k + 1) ;k ýw¢n 
= o; _k:. oaa 
R= distance between A and B 
ao = Bohr radius 
= Slater exponent of A 
ra = distance from atom A 
rb = distance from atom B 
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APPENDIX 1 (contd) 
Overlap integrals calculated by the method of Mulliken et al 
for orbitals centred on nuclei a and b 
S(1Sa3dZ2b) = 
R5 3/2 cb7J2{3(A2Bo-AoB2) + 4(AoB3-A3Bo) 
48V2- 
+ 3(A4B2-A2B4) + (AoBa-A4Bo)} 
S(3dZ2a, lsý) = 
R5 
c 7/2 c 8r/2{3(A2Bo-AoBz) - 4(AoB3+A3Bo) 
48, /7 
+3(A4Bz-A2B4) + (AoB4-A4Bo)} 
6 
S(2Sa, 3dýýb) =9ý ýa2 ý7ý 2 {Ao (-3B3+4B4-BS) + Al (-3B2+4B3+B4) + 3A2 (Bi+ß5ý 
.. " 
+ As(3Bo-4B1-3B4) - 3A4(B1+B3) + A5(3B2-Bo)} 
S(3dZ2a, 25ý) = 
R6 ä2 
ýb2 {Ao (3B3+4B4+Bs) + Al 
(-3B2-4B3+B4) 
- 3A2 (B1+Bs) 
96f 
+ A3(3Bo+4B1-3B4) + 3A4(B1+B3) + As(3B2-Bo)} 
R7 S(3sa, 3dZ2b) =Rý ýä 2Cb 2{Ao(-3B4+4B5-B6) + 2A1(4B4-3B3) 
5670 
+ A2(4B3+B4+3B6) + 2A3(3B1-2B2) 
+ A4(3Bo-4B1-3B2-6B4) - 4AsB1+3Ab(3B2-Bo)} 
--- i S(3d 2 7/27'2{Ao(-3B4-4Bs-B6) + 2A1(4B4-3Bs) za 5670 ab 
+ A2(B4+3B6-4B3) - 2A3(2B2+3B1) 
+ A4(3Bo+4B1-3B2-6B4) + 4AsB1 + 3A6(3B2-Bo)} 
6 
S(2Pza3dz2b) =R ýaýýb '2{Ao(-3B3+4B4-B5) = A1(3B2-4B3+2B4-4Bs+B6) 
96 f 
+ A2(3Bo-4Bi+3B2-3B4+3B6) - A3(4B3+3B3+3Bs) 
- A4(Bo-6B2-3B4)} 
S(3d2a2pZb) = 
R6 
ýäi2ýb /2{Ao(3Bs+4B4+B5) - A1(3B2+4B3+2B4+4B5+B6) Z 96f 
+ A2(3Bo+4B1+3B2-3B4+3B6) - A3(4B2-3B3-3Bs) 
- A4(Bo-6B2-3B4)} 
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S(3pzap3dz2b) 
S(3dza2'3pzb) 
APPENDIX 1 (contd) 
R%ä'2ý77/2 
{Ao(-3B3+4B4-B5) + A1(-3B2+4B3-5B4+8B$-2B6) 
192 15 
R%ä 2C7/2 
192 15 
+ A2(3B1-6B3+8B4+2B5+4B6-B7) 
+ A3(3Bo-4B1+6B2-6B4+4B5+7B6) 
+ A4(3B1-8B2-6B5+3B7) + A5(-Bo+6B2-4B3-3B6) 
+ A6(-2B1+9B3+3B5) + A7(3B4-B2)} 
{Ao(3B3+4B4+Bs) + A1(-3B2-4B3-5B4-8Bs-2B6) 
+ A2(-3B1+6B3+8B4-2Bs+4B6+B7) 
+ A3(3Bo+4B1+6B2-6B4-4Bs+7B6) 
+ A4(-3B1-8B2+6Bs-3B7) + As(-Bo+6B2+4B3-3B6) 
+ A6(-2B1-9B3-3B5) + A7(3B4-B2)} 
R7ýT. /2 ýbý2 
S(3dZ2a, 3dZ2b) =a {Ao(-9B2+6B4-B6) + A2 Mo-M4+06) 
1152 
+ 3A4(-2Bo+B2-3B6) + As(9B4-6B2+Bo)} 
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APPENDIX 1 (contd) 
r11 
_- 
1e Pvdv 
I. vYJ vY 
<2sbl1/r3b12Pzä 
t>0: 
1 5125/2R2 jAo (Bo+2B2) + AiBi + 2(B1+B3) [1/v] 
2r. 
+ (ZB2+B4) [1/v2] + B3 [1/v3]ý 
t=0: ýsj 'R2 
[10/3A0 + 26/15[1/v2]] 
2f 
t<0: 
., r 
ca/2Cbi2R2 [A0 (B0+2B2) - AiBi - 2(Bi+Bs) [I/v] 
2/3 
<2sbI 1/r3aI2pza> 
+ (2B2+B4) [1/V2] - B3`1/V3lZ 
2 
5/2R2[Ao(Bo-4B2) + (8B3-4Bi)[1/vl + 8(B2-B4) [1/v2] t>0: 
1 
ýä 2ýý 
ý1 
+ (3B5-8B3)[1/v3] + 3Ba[1/v4]J 
t=0: 
23 
ýýR2 C 2/3Ao +32/15(11v2] .+ 6/5[1/v4]] 
t<0: 
1 
ýäý? ýb 
iR2 CAo (Bo-4B2) - (8B3-4B1)[1/v] - (3B5-8B, 3). [1/vs] 
23 ý + 3B4 [1/v"] 
<2pzb 11/r31,2pza' 
t>0: 
2 
ýai2ýýeI3AoBs+ A1B2 + (5B4-Bo) [1/v2] - 5B2[1/v3] - 3B3[1/v4]] 
t=0: 
2 
CS R2[2A1 - 2[1/v3]1 
t<0: 
2 
cäiiýbs2Rxr - 3AoB3 + A1B2 + (5B4-Bo)[1/v] - 3(Bs-Bi)[1/v2] 
- 5B2[1/v3] + 3Bs[1/v4]] 
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<2pXbl1/r3b12pxa> = <2pybl1/r3b12pya> 
t>0: 
4 5a12bs12R2tAo(3B1-3B3) + Al(Bo-B2) + (6B2-5B4-Bo) [1/v] 
+ (6B3-3B1-3Bs)[1/v2] + 5(B4-B2)[1/v3] + 3(Bs-B3)[1/v4]] 
t=0: 
4 
ýsR2 [A1/3 - 2[1/v] - 12/15 [1/v4]] 
t<0: 4 ýäi2ýbi2R2(ý- Ao(3B1-3B3) + A, (BO-B2) + (6B2-5B4-Bo)[1/ý] 
- 3(2B3-B1-Bs)[1/v2] + 5(B4-B2)[1/v3] - 3(Bs-B3)[1/v4]1 
For p orbitals, to find integrals of the form <BIAIA> use <BISJA> but 
changef--> -t. 
<2pzaI1/r3bI2pza> Rý 
5 [2/3A1 + 38/15[1/v]+ 64/15[1/v3]] 
<2pxa11/r3b12pxa> _ <2pyal1/r3b12pya> 
= 
R4 5 C2A1 
- [1/v]-- 38/15[1/v3] + 6/5[1/v4]] 
<1sbl1/r3al2pZa> = R2Cä 2ý3b 2{AoBI+[1/v](Bo-3B2) + [1/v2](5B3-3B1) 
+ [1/v2] (5B3-3B1) + [1/v3] (3B1-7B4-2B2) - [1/v4]B3} 
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APPENDIX 1 (contd) 
Parameter sets used for second-row nuclei 
Parameters Methods Si PS CR Ref /eV 
11 u SS 
11 u pp 
udd 
_ßo A 
_ßo A 
YAA 
1,2 10.033 14.033 17.650 21.591 f 
1,2 4.133 5.464 6.989 8.708 f 
1,2 0.337 0.500 0.713 0.977 f 
1 13.0650 15.070 18.156 22.33 f 
2 10(g) 12(h) 15(i) -- 19(J) - 
1,2 7.015 9.886 9.260 10.366 k 
(g) Estimated by comparison with the trend in ß0 in 
Reference (f) 
(h) M. Raj=man and J. C. Simon, Org. Mag. Reson. 7,334 (1975) 
(i) G. Pfister-Guillouze et al, J. Nb1. Struct. 14,81 (1972) 
(j) M. Rajzman and G. Pouzard, Theoret. Chien. Acta (Berlin) 
32,135 (1973) 
(k) J. Sichel, and P. 'Whitehead, Theoret. Chien. Acta 7,81 (1972) 
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APPENDIX 2 
Slater atomic orbitals(a) 
(radial and angular parts separately normalized) 
Orbital Radial factor () Angular factor R (Y 11 im) 
is (4ý3)1 e-ýr (1/47r) 
I 
2s (4C 5/3) lre cr (1/4Tr) I 
2pZ (4,5/3) Ir e-cr (3/47r) 
l 
cose 
2pX (4C, 5/3)1 re ýr (3/47r) 
l 
sine cosý 
2py (45/3) 1re ýr (3/4Tr) l sine sin¢ 
3s (% 7/45) r2 e-ýr (1/47r) 1 
3pz (8c 7/45) r2 eCr (3/4Tr) 
l_cos9 
3p (8C 7/45) r2 e Cr (3/4Tr) 
l 
sinO cosý 
3_ (8C7/45) r2 e-Cr (3/47r)I sine siný 
3d 
z2 
(8c /45) 1 r2 e Cr 
ýýyý3cos28 
- 1) 
3(jxz (%7/45)1 r2 e- 4r Výýsin6 cosO cosý 
3 yz (8C'/45) 1 r2 e-Cr 
(wntine 
cos9 siný 
3X2 -y2 (8; '/45) 
1 
r2 e-cr 
*in29 
cos2o 
3dXy (84'/45) 1 r2 e Cr 
L 'din29 sin2o 
(a) Taken from Reference 38 
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APPENDIX 3 
Method used to evaluate some integrals needed for shielding 
calculations, using normalized Slater orbitals 
<i ii - Rý YQ 
00 2 
af {}ýu_ýrý} r 
ýr 
o 
_}ý, 
. 4p Bu a 
where 
<uI 
BM 
I 
/ BIý k 
A 
w 
26a$ - rarß) I11> (W= 0,3) 
jj 2.7i ý2_ 2 
dr 'r2 « J{Ym(e)}2 sine de dý 
00 
(2n +2 -vy) : 2'v-t 
Zu 
(2n): 
[Fa-01 
<ul nS npx npy np2(a) 
BX 2/3 2/5 4/5 4/5 
By 2/3 4/5 2/5 4/5 
BZ 2/3 4/5 4/5 2/5 
(a) Bä values'taken from Reference 53 
dz2 dxz dyZ dX2_. 
Y2 
dý ) 
16/21 4/7 6/7 4/7 
16/21 6/7 4/7 4/7 
10/21 4/7 4/7' 6/7 
4/7 
4/7 
6/7 
(b) By values taken from present work 
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APPENDIX 4 
Expectation values for Z. used in this work 
QX pX py pz 
Px 
py 
Pz 
R, X, dZ2 dxz yZ dx2-y2 Xy 
00dz200 -vr3- 00 
00 dxz 00001 
0 -1 0 dyz , 
ý3 0010 
d2200 -1 00 Y -y 
dxy 01000 
zy Px Py Pz Ry dz2 dxz dyz dx2-y2 
Px 
py 
Pz 
oo -i 
000 
io0 
d2 0ý0 
,00 
xz 
dYZ 000 
10 
dXY 00 ý1 
01 
dX2_y2 0 -1 000 
00 
Rz Px Py Pz ý, ý dz2 dXZ 
, 
dyZ dx2_y2 dxy 
px 010 dzz 00000 
py -1 00 dxz 0010 
pz 000 dyz 0 -1 000 
d 
X2 _y2 
'00002 
000 -2 0 dXY 
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APPENDIX 5 
Key to figures 2.4 - 2.10,4.1,4.2. 
Molecular Structure R1 
N-C -0 
R2 X 
Point Shape R1 R2 
H 11 
Me ye 
ý Et Et 
O Me if 
Point Nu ber x 
IH 
2 Me 
3 Et 
4 n-Pr 
5 i-Pr 
6ý 
Key to figure 2.11 
Point shape 
A= Experimental N measured in 4M DMSO 
"= Experimental N measured in 4M DMF 
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APPENDIX 5 CCNfl'D. 
Cross references between: tables; figures and statistical information 
Table Page Figure Page Statistical Molecules 
Data Page 
2.1 39 2.1- 63 197 Substituted 
2.3 Anilines 
2.2 40 2.1- 63 197 Substituted 
2.3 Anilines 
2.3 40 2.1- 63 
2.3 
197 Substituted 
N, N-dimethyl 
Anilines 
2.4 42 2.1- 63 197 Enamines 
2.3 
2.7a 45 2.4- 64- 198 * ýIO 2.7 65 N-C,, 
Hý X 
2.7c 46 -- 198 Mý* 
11 
N 
M- '*IX 
(original ordering 
of data) 
2.7c 46 2.4- 64- 198 Me *ý0 
2.7 65 ý1-ý 
. 11, Me x 
(ordering of points 
3 and 4 reversed in 
figures and statistics) 
2.7e 47 2.4- 64- 198 Et`* 
. 0f0 2.7 65 
ý 
N- ;X 
2.7g 48 2.4- 64- 199 Me * "(, 
0 
2.7 65 --\ 111 ii X 
2.8a 49 2.8- 66- 199 H 
2.10 67 
H 
ýN-CN 
X 
I 
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APPENDIX 5 CCU M. 
Table Page Figure Page Statistical Molecules 
Data Page 
2.8b 49 2.8- 66 199 Me %2.10 67 
ýC', HX 
2.8c 50 2.8- 66- 199 *1ý 
2.10 67 
I)3-Cýl X 
2.8d 50 2.8- 66- 199 Etý, ,, ýýJ 2.10 67 
, 
N-C,,, 
Et x 
2.9 51 2.11 68 
2.9 51 2.11 68 
199 Ureas ý KN 
(Experimental S15' N 
in 4M DMF) 
199 Ureas ä 'sN 
(Experimental S'sN 
in. 4M DMSO) 
2.22 59 -- 200 Hydrazones 
S 'SN 
3.1 87- 3.1- 98- 200 'ISi (CNDO/S) 
88 3.2 99 
3.2 89 3.2 99 -ý 
IqSi (CNDO/2) 
3.3 90- 3.3 100 -ýP (CTIDO/S) 
91 
3.4 92 3.3 100 - Q14P (CNDO/2 and 
cNDO/S for DMP) 
4.3a 111 4.1 118 197 fý* ý0 
N-Cý (2-centre) 
H *11XI. 
4.3b 111 4.1 118 
4.3c 112 
197 
197 
4.3c 112 4.1 118 197 
N (2-centre) 
H 
N-< (2-centre) Me x 
(original ordering) 
., N-C' 
xx 
(2-centre) 
Me 
(with points 3 and 4 
reversed in figures and 
statistics) 
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Table Page Figure Page Statistical Molecules 
Data Page 
4.3d 112 4.1 118 197 E\* ,0 (2-centre) 
Et ý{ 
4.3e 113 4.2 119 - H, *% *O 
H, 
N ý (2-centre) 
4.3f 113 4.2 119 
(2-centre) 
HX 
4.3g 114 4.2 119 ' ýN-Cý 
(2-centre) 
Me \X 
4.3h 114 4.2 119 ýN 
ý 
*i (2-centre) 
Et X 
Heterocycles 
6.1 151 6.4 162 - 
'rNjX =0 
6.2 152 6.1 159 200 
ý'SN, X =S 
6.3 153 6.3 161 - 
S'sNOX = NH 
6.4 154- 6.2 160 200 S'SNI X= Ncii3 
155 
6.6 156- 6.5 163 200 S'SN pX= 
NCIi3 (2-centr 
157 
* denotes nucleus of interest 
